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MAGNETIC  META-MATERIALS  FOR  ELECTROMAGNETIC  APPLICATIONS 


1.  Terms  and  Objectives 

The  research  program  Magnetic  Meta-Materials  for  Electromagnetic  Applications,  which  was 
supported  by  DARPA  during  the  period  July  2001  -  May  2005,  pursued  the  following  objectives: 

(a)  To  develop  the  next  generation  nanocomposite  permanent  magnets  with  up  to  a  twofold 
increase  in  {BH)m  (>  60  MGOe). 

(b)  To  significantly  improve  the  magnetic  properties  of  existing  advanced  magnets  with  (BH)^ 
close  to  their  theoretical  limit  and  with  higher  operating  temperatures  Top. 

(c)  To  develop  soft  magnetic  nanocomposites  for  high  temperature  (Fe-Co/W)  and  high 
frequency  (artificial  ferrites)  applications. 

(d)  To  incorporate  these  magnets  into  systems/devices,  for  military  and  commercial  applications. 

2.  Program  Coordination  and  Participants 

Joint  efforts  of  the  Meta-Materials  team  were  coordinated  by  Prof.  G.C.  Hadjipanayis  from  the 
University  of  Delaware.  The  participating  groups  represented: 

•  Universities 

-  University  of  Delaware  (group  leaders:  G.C.  Hadjipanayis,  J.Q.  Xiao,  K.M.  Unruh  and  S  T 
Chui) 

-  University  of  Dayton  (S.  Liu  and  C.H.  Chen) 

-  Carnegie  Mellon  University  (S.  Majetich) 

•  National  laboratories 

-  Naval  Research  Laboratory  (D.  Papaconstantopoulos) 

•  Industry 

-  Electron  Energy  Corporation  (J.F.  Liu) 

-  Advanced  Ceramic  Research  (R.  Vaidyanathan) 

-  Materials  Modification  Inc.  (T.S.  Sudarshan) 

-  Nanopac  Inc.  (W.  Mayo) 

-  Hamilton  Sundstrand  (D.  Halsey) 

3.  Research  Projects 

The  Program  addressed  two  most  significant  groups  of  magnetic  materials,  hard  and  soft.  The 
following  specific  materials  were  focused  on: 

•  Hard  magnetic  materials 

-  Nanocomposite  magnets  consisting  of  a  mixture  of  hard  and  soft  phases  (Nd2Fei4B  /  Fe  and 
SmiCoiy/Fe) 

-  Hybrid  magnets  consisting  of  a  mixture  of  two  hard  phases,  one  with  higher  magnetization 
(  Nd-Fe-B  /  Sm2Coi7,  Pr-Fe-B  /  PrCos  and  Pr2Coi7  /  PrCos) 

-  Fligh-temperature  magnets  (Sm,Pr)(Co,Fe,Cu,Zr)z 

•  Soft  magnetic  materials 

-  Artificial  ferrites  (Fe  /  Si02,  Fe  /  Polymer  /  Si02,  amorphous  Fe(B)  /  crystalline  Fe(B)  and 
nanocomposites). 

4.  Approaches  and  Techniques 
4. 1.  Synthesis  Techniques 
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Amorphous,  crystalline  and  nanocrystalline  precursors  for  hard  and  soft  magnetic  materials  were 
produced  by  the  following  conventional  and  novel  techniques: 

-  Arc-melting  under  Argon, 

-  Conventional  ball  milling, 

-  High-energy  ball  milling  (HEBM)  including  mechanical  alloying, 

-  Melt-spirming, 

-  Chemical  reduction, 

-  Sonochemical  decomposition  of  Fe(CO)5. 

4.2.  Consolidation  Techniques 

Fully  dense  nanocomposite  and  hybrid  magnets  were  obtained  (in  addition  to  a  conventional 
sintering)  via: 

-  Hot  Pressing, 

-  RF  Rapid  Inductive  Compaction  (UDRJ), 

-  Transformation  Assisted  Consolidation  (Nanopac  Inc.), 

-  Plasma  Pressure  Consolidation  (Materials  Modification  Inc.), 

-  Combustion  Driven  Compaction  (Utron,  Inc.) 

4. 3.  Texturins  Techniques 

The  following  techniques  were  studied  in  an  attempt  to  induce  or  improve  texture  in  the 
nanocomposite  magnets: 

-  Hot  plastic  deformation  of  consolidated  melt-spun  and  HEBM  alloys  (R-Fe-B  and  R-Co), 

-  Melt-spinning  of  R-Fe-B  alloys  in  a  magnetic  field, 

-  Magnetic  annealing  of  amorphous  melt-spun  and  HEBM  alloys  (R-Fe-B  and  R-Co), 

-  Stress  annealing  of  melt-spun  R-Fe-B  alloys,-  Directional  crystallization  of  melt-spun  R-Fe-B 
alloys  through  a  laser  annealing 


4.4.  Nanocomposite  Hard  Masnets 

Nanocomposite  magnets  consisting  of  high-coercivity  and  high-magnetization  components  were 

manufactured  through  the  following  approaches: 

(a)  Consolidating  electroless  Co(Fe)-plated  Sm-Co  powders. 

(b)  Consolidating  blends  of  Fe  and  Sm-Co  particles. 

(d)  Hot  deformation  of  R-lean  R-Fe-B  nanocomposites  during  phase  transformation  (R  =  rare 
earth). 

(e)  Search  for  the  additions  favoring  texture  development  in  R-lean  R-Fe-B  nanocomposites 
during  hot  plastic  deformation. 

(f)  Consolidating  and  hot-deformation  blends  of  R-lean  and  R-rich  R-Fe-B  powders. 

(g)  Consolidating  and  hot-deformation  blends  of  Fe  and  R-rich  R-Fe-B  powders. 

(h)  Consolidating  and  hot-deformation  blends  of  Fe(Co)  and  R-rich  R-Fe-B  powders. 

(i)  Preparation  and  study  of  high  coercivity  bulk  FePt  by  diffusional  mixing  of  an  Fe/Pt 
nanocomposite. 


4.5.  Hybrid  Hard  Ma2nets 


Hybrid  magnets  consisting  of  dissimilar  high-coercivity  components  were  obtained  though  the 
following  approaches: 

(a)  Consolidating  blends  of  single-crystalline  (Nd,Dy)2Fei4B  and  (Pr,Sm)Co5  powders. 

(b)  Consolidating  blends  of  milled  die-upset  Nd-Fe-B  magnets  and  milled  Sm-Co-Fe-Cu-Zr 
sintered  magnets. 

(c)  Die-upsetting  blends  of  melt-spun  Pr-Fe-B  ribbons  and  PrCos  nanocrystalline  powders. 

(d)  Die-upsettind  RC05  /  R2C017  magnets  consolidated  from  HEBM  alloys. 


4.6.  Hish-temperature  Mamets 

High-temperature  magnets  were  developed  though  the  following  approaches: 

(a)  Optimization  of  the  heat-treatment  of  Sm(Co,Fe,Cu,Zr)z  magnets. 

(b)  Pr- substitution  for  Sm  in  Sm(Co,Fe,Cu,Zr)z  in  order  to  increase  room-temperature 

(c)  Solidification  of  Sm(Co,Fe,Cu,Zr)z  alloys  in  a  high  magnetic  field. 

(d)  Coercivity  studies  in  Sm(Co,Fe,Cu,Zr)z  magnets. 

(e)  Coercivity  studies  in  model  Sm-Co-Cu,  Sm-Co-Fe-Cu  and  Sm-Co-Fe-Cu-Zr  bulk-hardened 
alloys. 

The  following  approaches  were  also  studied  in  an  attempt  to  induce  magnetic  hardness  in 

additions-free  (pure  binary)  Sm2Coi7  alloys: 

(f)  Plasma  bombardment  by  Ar  ions, 

(g)  Sonochemical  treatment  with  high  power  ultrasonic  process, 

(h)  Neutron  irradiation. 

4. 7.  Soft  Magnetic  Materials 

The  approaches  to  obtain  advanced  soft  magnetic  materials  and  metaferrites  with  high  saturation 

magnetization  and  low  power  loss  were: 

(a)  Identifying  the  role  of  reactant  concentrations,  reaction  temperature,  pH,  and  mixing  rate  on 
the  incorporation  of  B  into  Fe  nanoparticles  prepared  by  NaBH4  reduction  of  Fe^”^  ions. 

(b)  Compacting  CoFe,  Co,  FeNi  nanoparticles  coated  with  suitable  ferrites  or  other  insulating 
materials  to  achieve  exchange  coupling  among  metallic  nanoparticles. 

(c)  Controlling  the  shape  of  magnetic  entities  to  minimize  demagnetization  effect  and  eddy 
current  effect. 

5.  Results 

5.1.  The  most  sisnificant  technical  achievements  in  hard  masnetic  materials 

(a)  Developed  anisotropic  exchange-coupled  /  a-Fe  and  R2Fei4B  /  Fe-Co  nanocomposite 

magnets  with  (BH)m  >50  MGOe.  Thus,  the  achieved  maximum  energy  product  of  the 
nanocomposite  magnets  almost  reached  that  of  the  best  sintered  Nd-Fe-B. 

(b)  Developed  anisotropic  magnetostatically  coupled  R2Fei4B  /  a-Fe  and  R2Fei4B  /  Fe-Co 
composite  magnet  with  improved  (BH)m  made  out  of  coarse  (0.04  -  2.0  mm)  soft  powders. 
This  result  proves  that,  contrary  to  the  common  belief,  a  magnetostatic  coupling  may  play  a 
favorable  role  in  improving  magnetic  hardness  and  also  it  points  out  the  importance  of  a 
morphology  of  soft  inclusions  in  hard  /  soft  magnets. 
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(c)  Discovered  a  strong  effect  of  a  small  Cu  and  Cu-Ga  addition  on  the  texture  development  in 
die-upset  R2Fei4B  /  a-Fe  nanocomposite  magnets  and  developed  anisotropic  RiFe^B  /  a-Fe 
nanocomposite  magnet  with  less  than  11.8  at.%  R  made  out  of  blend  of  R-lean  and  R-rich 
melt-spun  alloys.  According  to  the  traditional  belief,  only  the  alloys  with  more  than  1 1.8  at.% 
R  are  susceptible  the  texture  development. 

(d)  Developed  anisotropic  Sm2Coi7  /  a-Fe  nanocomposite  magnets  with  iBH)m  >  31  MGOe.  This 
result  demonstrates  the  effectiveness  of  consolidation  of  a  hard  /  soft  powder  blend. 

(e)  Developed  isotropic  Sm2Coi7  /  Fe-Co  nanocomposite  magnets  with  (BH)m  >  14  MGOe. 
Compared  to  the  commercial  2:17  Sm-Co  magnets  at  high  temperatures,  the  nanocomposite 
magnets  have  higher  Curie  temperature,  better  thermal  stability  and  better  mechanical 
properties,  and  therefore  can  be  used  for  applications  with  special  requirements,  even  for 
isotropic  magnets. 

(e)  Developed  procedures  for  the  reliable  and  reproducible  preparation  of  elemental  nano¬ 
crystalline  {nx)  Fe  and  Pt  powders  and  rar-Fe  /  nx-Pt  nanodispersions.  The  goal  is  to  achieve  a 
single  hard  magnetic  phase  with  an  enhanced  energy  product  by  exchange  coupling. 

5.2.  The  most  sisnificant  technical  achievements  in  soft  magnetic  materials 

(a)  Developed  a  method  of  producing  large  quantity  magnetic  nanoparticles  (Co,  Fe-Ni,  etc.).  The 
Co  particles  with  the  average  size  4.7  nm  have  been  obtained  by  a  NaBH4  reduction. 

(b)  Developed  a  method  of  coating  metallic  magnetic  nanoparticles  with  a  thin  layer  of  NiFe204 
or  Si02. 

(c)  Developed  exchange-coupled  soft  magnetic  materials  with  flat  permeability  spectrum  up  to  at 
least  100  MHz.  The  materials  exhibit  permeability  of  about  16,  saturation  induction  of  about 
1 .6  T,  saturation  field  of  about  2  kOe,  and  quality  factor  around  100. 

(d)  Developed  economical  viable  process  to  convert  metallic  particles  into  flake  structure  with 
lateral  dimension  of  a  few  to  several  hundred  microns  and  submicron  thickness.  The  flake 
structure  effectively  minimized  demagnetization  and  eddy  current  effect. 

(e)  Developed  high-frequency,  high-power,  low-loss  soft  magnetic  composites  based  on 
laminated  submicron  Fe  flakes.  The  composites  those  surpass  all  current  soft  magnetic 
materials  exhibit  flat  permeability  spectra  up  to  about  50  MHz  with  permeability  of  about  70, 
saturation  induction  of  about  1.6  T,  and  saturation  field  of  about  2  kOe. 

(f)  Obtained  Co  nanowire  arrays  with  texture  controlled  during  fabrication.  At  above  10  GHz,  the 
arrays  permeability  around  10-20  with  loss  tangent  less  than  0. 1 . 

(g)  Developed  procedures  for  the  reliable  and  reproducible  preparation  of  elemental  nx-Fe  and 
nanoamorphous  {na)  Fe(B)  powders  and  two-component  «x-Fe  /  nfl-Fe(B)  nanodispersions. 

(h)  Obtained  7?x-Fe  /  na-Fe(B)  nanodispersions  that  exhibit  a  coercivity  lower  than  either 
constituent  and  with  a  magnetization  near  that  of  single  phase  nx-Fe. 

5.3.  The  most  simificant  scientific  achievements 

(a)  Discovered  a  universal  correlation  between  the  magnetic  state  of  Sm(Co,M)5  alloys  (M  =  Cu 
or  Cu-Fe)  and  the  increase  of  their  with  a  low-temperature  aging. 

(b)  Discovered  that  the  dramatic  magnetic  hardening  of  Sm(Co,Fe,Cu)5  alloys  in  a  narrow  range 
of  aging  temperatures  is  associated  with  an  increase  in  the  Curie  temperature  and  not 
accompanied  by  a  the  heat-treatment  of  Sm(Co,Fe,Cu,Zr)z  magnets  detectable  phase 
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transformation.  The  atomic  reordering  suggested  by  the  theory,  due  to  the  change  in  preferred 
atomic  site  occupancies,  may  be  responsible  for  the  dramatic  increase  in  coercivity. 

(c)  Understood  betterthe  bulk  magnetic  hardening  behavior  with  and  without  phase  separation  in 
Sm(Co,Cu)5.7.3.  Development  of  the  coercivity  in  the  magnets  with  the  cellular  structure  may 
be  quantitatively  explained  considering  only  the  evolution  of  their  1:5  matrix  phase.  It  is 
suggested  that  domain  wall  pinning  in  the  2:17  magnets  takes  place  within  triple  junctions  of 
the  1 :5  cell  boundaries,  rather  than  at  the  2:17  /  1 :5  interface. 

(d)  Studied  the  structure  evolution  in  2:17  Sm-Co  magnets  with  High-Resolution  TEM, 
Mossbauer  Spectroscopy  and  Extended  X-ray  Absorption  Fine  Structure  (EXAFS).  A  beetter 
understanding  of  the  structural  mechanism  in  bulk  magnetic  hardening  may  lead  to  a 
breakthrough  in  the  development  of  improved  or  novel  hard  magnetic  materials. 

(e)  Theoretically  studied  the  magnetic  anisotropy  in  SmCos  and  derivative  structures. 

-  Identified  the  microscopic  origins  of  the  high  magnetic  anisotropy  energy  (MAE)  as  (i)  a 
high  MAE  of  the  Co  subsystem  coming  from  a  peak  in  the  density  of  states  at  the  Fermi 
level  and  (ii)  high  MAE  of  the  Sm  f-shells  due  to  the  interplay  between  the  spin-orbital 
interaction  and  the  crystal  field. 

-  Explained  the  positive  effect  of  Zr  on  the  MAE  of  SmiCon  in  terms  of  the  relative  sizes  of 
Zr,  Co2  and  Sm  atoms  and  related  that  to  the  crystal  field  magnitude  of  Sm. 

-  Foimd  that  Fe  doping  affects  MAE  primmly  via  the  Fermi  level  shift.  The  calculations 
showing  an  increase  of  the  MAE  at  small  Fe  concentrations  and  a  rapid  decrease  for 
concentrations  of  Fe  larger  than  10  -  15%  are  consistent  with  existing  data  on  Y(Co,Fe)5. 

-  Evaluated  the  effects  of  the  hydrostatic  compression/expansion  and  c/a  ratio  on  MAE.  The 
effects  are  found  to  be  too  small  to  be  of  practical  interest. 

-  Found  a  non-monotonic  dependence  of  the  saturation  magnetization  of  SmFexCos.x  on  the 
Fe  concentration.  The  effect  can  be  explained  using  an  extended  Stoner  theory. 

-  Found  that  magnetism  suppression  by  Cu  depends  on  the  preferential  occupation: 
suppression  of  total  M  by  one  Cu  per  cell  is  0.5  pe  stronger  when  Cu  occurs  in  the  SmCoi 
plane. 

-  Found  that  exehange  coupling  for  the  Co-Co  interaction  is  always  long-range. 

6.  The  most  promising  directions  of  a  future  search  for  advanced  permanent  magnets 

Modification  of  existing  phases  /  microstructures 

-  The  interstitially  modified  Sm2Fei7Nx  compound  has  excellent  combination  of  the  intrinsic 
magnetic  properties  =  15.4  kG,  Ha  =  140  kOe,  Tc  =  476  oC).  However,  because  of 
its  poor  structural  stability  at  the  elevated  temperatures  this  eompound  has  only  very  limited 
application  in  bonded  magnets.  Development  of  an  appropriate  consolidation  technique 
may  open  the  way  for  its  widespread  application  as  a  fully  dense  high-performance 
permanent  magnet. 

-  Tuning  microstructure  /  microchemistry  in  2:17  magnets  may  improve  their  performance  at 
the  elevated  temperature  and,  possibly,  extend  the  operating  temperatme  range  of  these 
magnets  beyond  500  °C. 
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Nanocomposite  /  composite  materials. 

Though  the  highest  obtained  (BH)^  of  the  nanocomposite  magnets  (55  MGOe)  is  still  somewhat 
smaller  than  that  of  the  best  sintered  magnets  (59  MGOe),  the  theoretical  {BH)ra  for  anisotropic 
nanocomposites  is  120  MGOe.  In  the  novel  magnetostatically  coupled  composite  magnets,  the 
requirements  for  a  grain  size  are  not  as  strict  as  in  the  exchange-coupled  materials. 
Magnetostatically  coupled  and  magnetostatically-assisted  exchange-coupled  hard-soft  magnets  is 
a  new  unexplored  area. 

Search  for  new  compounds  with  hish  saturation  masnetization  and  anisotropy  field. 

So  far  only  binary  and  some  ternary  compounds  have  been  investigated.  There  is  still  a  good 
chance  that  out  of  many  combinations  (quaternary  and  higher)  a  new  phase  can  be  found  with 
better  performance. 
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Abstract 

Exchange  coupled  (Pr,Tb)2(Fe,Nb,Zr)i4B/ot-Fe  nanocomposites  have  been  produced  by  melt  spinning.  A  trend  for 
perpendicular  and  planar  c-axis  orientation  of  the  2:14:1  phase  was  observed  in  the  free  surface  of  ribbons  spun  at 
speeds  below  lOm/s  and  at  optimal  speeds,  respectively.  Higher  wheel  speeds  led  to  the  formation  of  an  amorphous 
phase  that  transformed  to  2: 14:1  phase  around  680°C.  Optimum  magnetic  properties  were  found  in  samples  spun  at  14- 
17m/s  and  annealed  at  700 'C  for  20  min.  The  loop  squareness  was  also  found  to  depend  mainly  on  the  microstructure 
that  is  very  sensitive  to  the  sample  composition.  A  few  percentage  of  Nb  and  Zr  suppressed  the  grain  growth,  resulting 
in  a  drastic  improvement  of  magnetic  properties,  with  approximate  50%  enhancement  in  the  intrinsic  coercivity  and  an 
increase  in  maximum  energy  product  from  5.6  kOe  and  14.7  MGOe  for  the  (Nb,Zr)-free  sample  to  8.2  kOe  and 
20.3  MGOe  for  the  (Nb,Zr)-substituted  samples,  respectively.  The  significant  improvement  in  magnetic  properties 
originated  from  a  much  finer  and  homogeneous  nanocomposite  microstructure  with  an  average  grain  size  of  20  nm, 
leading  to  a  high  remanence  of  0.73  Ms.  Henkel  plots  indicate  the  enhancement  of  exchange  coupling  between  hard  and 
soft  magnetic  phases. 

(C)  2002  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  75.5().Tt;  75.50.Ww  81.05.Ys;  81.40.Ef 
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1.  Introduction 

Recently,  nanocomposite  magnetic  materials 
consisting  of  a  fine  mixture  of  magnetically  hard 
and  soft  phases  have  been  extensively  studied  for 
permanent  magnet  development  due  to  their 
enhanced  remanence  and  potentially  high-energy 
products  even  in  materials  with  a  relatively  low 


■■^'Corresponding  author.  Tel.:  +  1-302-831-3515;  fax:  +1- 
302-831-1637. 

E-mail  address:  zqjiiKaUidel.edu  (Z.Q.  Jin). 


content  of  the  expensive  rare-earth  elements  [1-4]. 
However,  the  maximum  energy  product  of  nano¬ 
composite  magnets  obtained  experimentally  up  to 
now  was  significantly  lower  than  that  predicted  by 
theory  [4-7].  The  intrinsic  coercivities  reported 
were  usually  below  6.5kOe  due  to  the  presence  of 
soft  magnetic  phase  with  volume  percentage 
around  30  vol%  [6-8].  Micromagnetic  calculations 
by  Schrefl  et  al.  [9]  showed  that  the  magnetic 
properties  were  strongly  dependent  on  microstruc- 
tural  parameters,  such  as  grain  size,  grain  bound¬ 
aries,  pha.se  distribution,  and  the  volume  fraction 
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ratio  between  the  soft  and  hard  magnetic  phases. 
The  most  critical  parameter  for  a  high  coercivity  is 
the  grain  size  of  soft  magnetic  phase  that  should  be 
sufficiently  small  (5-10  nm).  Experimentally,  the 
desired  nanocrystalline  structure  was  generally 
obtained  either  by  rapid  quenching  [2,6,10,11]  or 
by  mechanical  alloying  [12].  However,  these 
fabrication  methods  made  it  technically  difficult 
to  control  the  nanostructures,  especially  the  grain 
size  and  the  grain  boundary.  Previous  studies 
showed  that  Tb  addition  increase  significantly  the 
coercivity  of  PriFe^B  due  to  the  higher  anisotropy 
field  of  TbaFe^B  and  to  a  refinement  in  micro¬ 
structure  [6],  Other  studies  also  revealed  that  small 
substitutions  of  Fe  with  refractory  elements  (Cr, 
Ti,  Nb,  Zr)  could  suppress  the  grain  growth  of  a- 
Fe,  thus  refining  the  microstructure  to  a  smaller 
grain  size  [10,11].  In  this  paper,  the  microstructure 
and  magnetic  properties  of  (Pr,Tb)2(Fe,Nb,Zr)i4/ 
a-Fe  nanocomposite  ribbons  have  been  investi¬ 
gated.  Significant  improvements  of  magnetic 
properties  have  been  observed  by  the  small 
additions  of  Nb  and  Zr  which  led  to  {BH)^  > 
20MGOe. 


2.  Experimental 

Alloys  with  nominal  compositions  of  Pr7Tbi- 
Fem-x-y^x2iyB4  (x  =  0~2; j  =  0-1)  (atomic 
percentage)  were  prepared  by  arc-melting  the 
constituent  elements  in  an  argon  atmosphere. 
The  arc-melted  ingots  were  cut  into  small  pieces 
(2-3  mm)  and  then  melt-spun  in  argon  atmosphere 
from  a  quartz  tube  with  an  orifice  diameter  of 
about  0.5  mm.  Substrate  velocities  from  5  to  40  m/ 
s  were  used  and  optimized  for  each  composition. 
The  chamber  pressure  was  adjusted  from  0.5  to 
1.2  atm.  The  obtained  ribbons  had  a  width  of 
about  3  mm,  a  length  ranging  from  a  few 
millimeters  to  a  few  hundred  millimeters.  The 
density  measured  is  around  7.6g/cm^.  For  anneal¬ 
ing  experiments,  selected  as-spun  ribbons  were 
sealed  in  quartz  tube  under  a  2xlO”^Torr 
vacuum  and  then  annealed  at  temperatures  be¬ 
tween  650°C  and  850°C  to  develop  a  fine 
nanocrystalline  microstructure  with  optimum 
coercivity.  The  crystallization  behavior  of  the 


as-spun  ribbons  was  determined  using  a  du  Pont 
Instruments  differential  scanning  calorimeter 
(DSC)  at  a  heating  rate  of  10°C/min.  Hysteresis 
loops  along  the  ribbon  length  and  normal  to  the 
ribbon  plane  were  measured  using  an  Oxford 
vibrating  sample  magnetometer  with  an  applied 
field  up  to  50kOe.  Structural  and  microstructural 
studies  were  carried  out  using  a  Philips  X-ray 
diffractometer  (XRD)  and  a  JEOL  JEM-2000FX 
transmission  electron  microscope  (TEM),  respec¬ 
tively. 


3.  Results  and  discussion 

Fig.  1  presents  the  typical  XRD  spectra  of  the 
wheel-contacted  surface  and  free  surface  of 
Pr7Tb1Fe87Nbo.5Zro.5B4  ribbons  spun  at  different 
speeds.  An  isotropic  XRD  pattern  of  2:14:1  phase 
is  observed  for  the  wheel-contacted  surface  upon 
spinning  at  low  speeds.  However,  for  the  free 
surface,  the  most  prominent  peaks  for  ribbons 
spun  at  5  m/s  are  the  (004),  (00  6)  and  (00  8) 
reflections  of  tetragonal  Pr2Fei4B  phase,  which 
indicates  a  trend  for  a  c-axis  texture  of  2:14:1 
phase  perpendicular  to  the  ribbon  plane.  In 
PriFe^B,  the  c-axis  is  the  easy  axis  of  magnetiza¬ 
tion  and  therefore,  there  may  be  a  perpendicular 


Fig.  1.  X-ray  diffraction  patterns  of  as-spun  Pr7Tb|Fes7- 
Nbo.5Zr().5B4  ribbons. 
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magnetic  anisotropy  suggested  for  the  free  surface 
of  ribbons.  This  texture  only  exists  in  a  thin  layer 
of  free  surface  (as  it  will  be  shown  later).  Due  to 
the  large  grain  size  of  hard  and  soft  phases  in  the 
ribbons  spun  at  such  a  low  speed,  the  sample 
presents  a  soft  magnetic  behavior  with  a  very  low 
coercivity  of  around  0.2  kOe.  A  strong  a-Fe  (1 1 0) 
peak  overlaps  with  the  (00  6)2:14:1  peak,  indicating 
that  the  oe-Fe  grains  are  crystallogrophically 
textured  to  a  (110)  direction  and  coexist  with 
the  c-axis  texture  of  the  2:14:1  phase.  At  the  higher 
wheel  speed  of  14m/s,  the  perpendicular  c-axis 
texture  disappears,  and  the  planar  (4 1 0)  reflection 
becomes  pronounced,  indicating  mostly  an  in¬ 
plane  distribution  of  the  easy  c-axis.  Meanwhile, 
an  ot-Fe/Pr2Fei4B4ype  nanocomposite  microstruc¬ 
ture  is  developed  directly  from  the  melt  during  the 
melt-spinning  process.  Fig.  2  shows  the  cross- 
section  of  the  samples  spun  at  14 m/s.  A  very  thin 
layer  in  the  free  surface  of  the  ribbon  was  observed 
together  with  a  large  portion  of  fine  grain  existing 
in  the  middle  zone  and  some  columnar  crystals 
nearby  the  wheel-contact  surface.  The  perpendi¬ 
cular  and  in-plane  crystallographic  textures  in  the 
free  surface  may  be  correlated  to  both  the 
directional  solidification  because  of  a  thermal 
gradient  and  to  the  seeding  effect  of  the  (1 1 0) 
crystal  texture  of  a-Fe  phase,  which  have  been 
verified  in  nanocomposite  Nd2Fei4B/a-Fe  ribbons 
and  anisotropic  Nd2Fei4B  films  [13,14].  A  fully 
amorphous  state  can  be  observed  in  ribbons  spun 
with  wheel  speeds  above  40  m/s,  which  show  a  very 
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Fig.  2.  Cross-sectional  microstructure  of  ribbon  spun  at  14m/s. 


Fig.  3.  DSC  curve  of  Pr7Tb1Feg7Nbo.5Zro.5B4  ribbons  spun  at 

40in/s. 


low  coercivity  due  to  the  lack  of  atomic  long-range 
order  in  the  amorphous  alloys. 

The  DSC  curve  performed  at  a  scanning  rate  of 
10°C/min  is  shown  in  Fig.  3  for  the  amorphous 
samples.  XRD  investigations  perfonned  on 
samples  annealed  at  the  peak  temperatures  show 
that  the  first  exothermic  peak  corresponds  to 
the  crystallization  from  amorphous  phase  to 
the  metastable  TbCuv-type  structure.  The  second 
peak  (bSO^'C)  correlates  to  the  transformation 
from  TbCuy-type  phase  to  2:14:1  phase.  The 
last  one  is  attributed  to  the  precipitation  of 
(Pr,Tb)i-^,5(Fe,Nb,Zr)4B4  phase,  similar  to  the 
results  reported  in  the  (Pr,Tb)2(Fe,Nb)i4B/a-Fe 
nanocomposites  [15]. 

Fig.  4  summarizes  the  magnetic  properties 
as  a  function  of  the  wheel  speed  for  the 
Pr7TbiFe87Nbo.5Zro.5B4  samples  annealed  at 
700°C  for  20  min.  Optimum  magnetic  properties 
are  found  in  samples  spun  between  14  and  17 m/s. 
High  wheel  speeds  lead  to  the  decrease  of  magnetic 
properties  due  to  the  occurrence  of  coarse  grains 
during  subsequent  annealing.  XRD  studies  also 
revealed  that  the  annealed  ribbons  spun  at  low 
speed  (14 m/s)  contain  a  larger  volume  fraction  of 
2:14:1  nanocrystallites  than  those  spun  at  higher 
speeds  (>20m/s).  This  should  be  related  to  the 
initial  phase  structure  of  as-spun  samples  and  can 
be  understood  in  terms  of  the  different  formation 
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Fig.  4.  Magnetic  properties  as  a  function  of  wheel  speed -Ps. 


Fig.  5.  Magnetic  properties  as  a  function  of  annealing  tem¬ 
perature  Fa  for  ribbons  spun  at  14 m/s. 


mechanism  of  2:14:1  phase  involved  in  these 
samples.  For  the  former,  the  2:14:1  phase  pre¬ 
cipitates  directly  from  the  pre-existing  2:14:1 
nanocrystallites  upon  heat  treatment,  leading  to 
a  fine  microstructure.  In  this  case,  hard  magnetic 
nanocrystallites  have  a  higher  nucleation  rate  but  a 
lower  growth  rate  with  increasing  cooling  rate. 
Whereas  in  the  later  case,  the  number  of  nuclea¬ 
tion  sites  for  2: 14:1  decreases  with  the  cooling  rate, 
and  the  grains  tend  to  grow  much  in  the  samples. 

The  dependence  of  magnetic  properties  on 
annealing  temperature  is  shown  in  Fig.  5  for  the 
PryTbiFegvNbo.sZro  5B4  ribbons  spun  at  14 m/s 
and  annealed  for  Imin.  It  can  be  seen  that  the 
magnetic  properties,  including  the  coercivity  Hq, 
remanence  and  maximum  energy  product 
increase  initially  with  annealing  tempera¬ 


ture,  showing  peak  values  around  800°C,  and  then 
decrease  with  further  increase  of  annealing  tem¬ 
perature  due  to  grain  growth.  Further  studies  as 
shown  in  Fig.  6  revealed  that  optimal  magnetic 
properties  could  be  obtained  upon  annealing  for 
20  min  at  700°C,  which  is  slightly  above  the 
transformation  temperature  of  680°C.  XRD  pat¬ 
terns  revealed  that  the  crystallized  alloys  consist  of 
a  nanocrystalline  microslructure  with  grain  size 
around  20-40  nm  as  calculated  by  Scherrer  for¬ 
mula. 

The  magnetic  properties  also  depend  sensitively 
on  the  composition  of  the  material.  Table  1 
summarizes  the  magnetic  properties  of  PryTbi- 
Fe88-A:->Nb,-Zr^,B4  ribbons  (x  =  0-2;  j  =  0-1).  It 
can  be  seen  that  the  coercivity  and  the  reduced 
remanence  {M^/Mf)  significantly  increase  with  all 
the  substitutions.  Although  the  Nb  substitution 
leads  to  a  slight  decrease  of  energy  product,  the 
addition  of  Zr  improves  it  significantly.  Substitu¬ 
tions  of  0.5  at%  Zr  and  0.5  at%  Nb  for  Fe  lead  to 
an  approximate  50%  improvement  in  the  coercive 
field  and  the  maximum  energy  product.  The 
enhanced  M^jM^  ratio  (-^0.73)  indicates  the 
existence  of  stronger  intergranular  exchange  inter¬ 
actions  between  the  2:14:1  hard  phase  and  the  soft 
a-Fe  grains.  Optimal  magnetic  properties  of 
i/c  -  8.2  kOe,  Mr  =  1 1.7  kGs  and  {BH)^  = 
20.3  MGOe  have  been  obtained  in  the  Zr  and  Nb 
substituted  sample  as  compared  to  5,6  kOe, 
10.7  kGs  and  14.7  MGOe  in  the  Pr7TbiFeg8B4 
sample.  The  magnetic  properties  of  these 
samples  are  found  to  decrease  with  further 
increasing  the  amount  of  non-magnetic  Zr  and 
Nb  elements  due  to  the  dilution  of  the  overall 
magnetization. 

Fig.  7  shows  the  typical  hysteresis  loops  of 
selected  (Pr,Tb)8(Fe,Nb,Zr)88B4  samples.  A  de¬ 
magnetization  curve  characteristic  of  single  hard 
magnetic  phase  has  been  observed  in  all  the 
samples  even  though  the  samples  consist  of  two 
different  magnetic  phases.  The  ratio  of  remanence 
to  saturation  magnetization  is  higher  than  0.5, 
indicating  an  exchange-coupling  phenomenon 
peculiar  to  nanocomposite  magnets.  However,  a 
^‘slanted”  demagnetization  curve  is  observed  in 
Pr7Tb|Fe87NbiB4  samples,  resulting  in  the  degra¬ 
dation  of  energy  product  in  spite  of  its  high 
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Table  1 

4nMt,  Mr /Ms,  Me  and  of  Pr7Tb,Fegg_.v-j  Nb,vZrj34  (x  =  0  -  2; =  0  -  1)  ribbons  after  optimal  thermal  treatment 


Compositions 

4nMt  (kGs) 

M,IM, 

(kOe) 

{BH)„  (MGOe) 

Pr7TbiFe«gB4 

10.7 

0.63 

5.6 

14.7 

Pr7TbiFeg7NbiB4 

10.4 

0.65 

7.3 

14.5 

Pr7TbiFeg6Nb2B4 

10.1 

0.65 

7.7 

14.2 

Pf  7Tb|  Fe87Nbc,.5Zr„  jB4 

11.7. 

0.73 

8.2 

20.3 

PfTXbi  Feg6.5Nbo.5Zr1  B4 

11.4 

0.69 

7.4 

17.7 

Pr7Tbi  Fe86.5Nb  1  ZrajB4 

11.2 

0.70 

7.5 

17.5 

Pr7Tb,Fe86.5Nb,Zr,B4 

10.8 

0.70 

6.6 

16.7 

coercivity.  Fig.  7  also  shows  an  enhanced  hyster¬ 
esis  squareness  of  the  samples  containing  small 
amount  of  both  Nb  and  Zr.  The  introduction  of  Zr 
leads  to  a  more  square  demagnetization  curve.  It  is 
also  noteworthy  that  the  initial  susceptibility 
decreases  with  the  substitutions,  which  is  consis¬ 
tent  with  the  higher  coercivity  of  substituted 
samples. 

Fig.  8  shows  the  TEM  micrographs  of  the 
samples  investigated.  Selected  area  electron  dif¬ 
fraction  confirms  the  existence  of  2:14:1  and  a-Fe 
nanocrystallites  with  an  average  grain  size  of 
35  nm  in  Pr7TbiFe88B4  samples.  Some  irregular 
grain  shape  and  large  grain  clusters  have  been 


observed  for  both  the  hard  and  soft  magnetic 
phases  in  Pr7TbiFe87NbiB4  samples,  where  the 
cluster  size  exhibits  a  broader  distribution  from  25 
to  80  nm.  In  the  case  of  the  irregular  structure, 
there  exist  sharp  edges  which  lead  to  an  inhomo¬ 
geneous  magnetization  distribution  [16].  Whereas 
the  magnetization  remains  parallel  to  the  easy  axis 
in  the  center  of  the  grains,  it  deviates  from  the 
local  easy  axis  at  the  vicinity  of  the  grain 
boundaries,  resulting  in  a  broader  distribution  of 
magnetization.  Schrefl  et  al.  [9]  has  also  noted  that 
Mr  and  Hq  change  with  grain  size  variations.  As  a 
consequence,  the  “slanted”  demagnetization  curve 
observed  in  Fig.  7  can  be  attributed  to  an  assembly 
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Fig.  6.  Hysteresis  loops  of  annealed  Pr7TbiFe87Nb().5Zro.5B4  ribbons  spun  at 


Table  1 


4wMr,  Mr /Mg,  He  and 

of  Pr7TbiFegg_.^._j7Nb;^-Zrj34  (x 

1 

0 

II 

CN 

i 

0 

II 

1)  ribbons  after  optiir 

Compositions 

4nMr  (kGs) 

M,IM, 

He  (kOe) 

Pr7Tb|FeggB4 

10.7 

0,63 

5.6 

Pr7TbiFeg7NbiB4 

10.4 

0.65 

7.3 

Pr7Tbi  Feg6Nb2B4 

10.1 

0.65 

7.7 

Pr7Tb|  Fe87Nb|).5Zro.5B4 

11.7 

0.73 

8.2 

Pr7Tbi  Feg^.sNbo.sZri  B4 

11.4 

0.69 

7.4 

PriTbi  FegejNb  1  ZrojB# 

11.2 

0.70 

7.5 

Pr7Tb|  Fcgfi.jNb  j  Zr  1 B4 

10.8 

0.70 

6.6 

coercivity.  Fig.  7  also  shows  an  enhanced  hyster¬ 
esis  squareness  of  the  samples  containing  small 
amount  of  both  Nb  and  Zr.  The  introduction  of  Zr 
leads  to  a  more  square  demagnetization  curve.  It  is 
also  noteworthy  that  the  initial  susceptibility 
decreases  with  the  substitutions,  which  is  consis¬ 
tent  with  the  higher  coercivity  of  substituted 
samples. 

Fig.  8  shows  the  TEM  micrographs  of  the 
samples  investigated.  Selected  area  electron  dif¬ 
fraction  confirms  the  existence  of  2:14:1  and  a-Fe 
nanocrystallites  with  an  average  grain  size  of 
35 nm  in  Pr7TbiFe88B4  samples.  Some  irregular 
grain  shape  and  large  grain  clusters  have  been 
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of  irregular  grains  with  differing  coerdvity  and 
magnetization  ratio  (Mr /Ms).  It  was  predicted  [16] 
that  a  large  stray  field  originating  from  the  edges 
of  irregular  grains  might  reduce  the  coercivity. 
However,  it  is  noteworthy  that  a  high  coercivity  of 
7.3  kOe  can  still  be  obtained  in  Pr7TbiFe87NbiB4. 


Fig.  7.  Typical  hysteresis  loops  of  (Pr,Tb)g(Fe,Nb,Zr)ggB4 
samples. 


It  appears  that  the  Nb  addition  allows  large  grains 
to  exist  in  nanocomposites  without  loosing  He. 
Previous  studies  have  shown  that  Nb  preferably 
segregates  at  grain  boundaries  to  form  Nb-rich 
intergranular  phase  instead  of  entering  the 
Pr2Fei4B  matrix  [17].  This  intergranular  phase 
separates  adjacent  grains  and  thus  decouples  the 
exchange  interaction,  leading  to  a  decrease  in 
Mr /Ms  and  to  an  increase  of  He  from  5.6  kOe  for 
Pr7TbiFe88B4  to  7.3  kOe  for  Pr7TbiFe87NbiB4. 

To  obtain  higher  reman  ence  and  preserve  a  high 
coercivity  in  nanocomposite  magnets,  a  small 
mean  grain  size  is  necessary  due  to  the  limited 
range  of  exchange  interaction.  The  Zr  additions 
appear  to  be  very  successful  in  suppressing  the 
grain  growth  during  crystallization  (Fig.  8).  A 
much  finer  and  uniform  microstructure  has  been 
found  in  Pr7TbiFe87Nbc  5Zro.5B4  sample  with  an 
average  grain  size  around  20 nm.  The  most 
remarkable  characteristic  of  this  sample  is  the 
formation  of  grains  with  smooth  spherical-like 
shape.  Moreover,  the  a-Fe  grains  are  found  to  be 
distributed  separately  within  the  matrix  as  isolated 
particles.  The  overall  uniform  and  narrow 
distribution  of  such  a  line  grain  size  with 
spherical-like  shape  contributes  to  the  significant 
enhancement  of  exchange  coupling  between  2:14:1 
and  a-Fe,  leading  to  a  move  rectangular  hysteresis 
loop.  The  exchange  coupling  in  nanocomposites 
magnetic  materials  can  be  investigated  with  the 
Henkel  plot  using  5M—H  curves  [10,18,19].  The 
5M  is  denoted  as  m^{H)  -  (1  —  2mr(//))  where 
mr{H)  is  the  reduced  initial  remanence  and  /nd(i/) 
the  reduced  magnetization  remanence.  A  positive 
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Fig.  8.  TEM  micrographs  of  optimally  annealed  (Pr,Tb}^H(Fe,Nb,Zr)<i..^B4, 
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Fig.  9.  %M  as  a  function  of  applied  field  for  annealed 
(Pr,Tb)g(Fe,Nb,Zr)ggB4  samples. 

SM  has  been  observed  in  all  the  samples  indicating 
the  existence  of  exchange  coupling  between  the 
hard  and  soft  phases  [19,20].  Fig.  9  gives  the 
typical  results  for  Nb-added  and  (Nb,Zr)-added 
samples,  A  hi^er  5M  peak  for  (Nb,Zr)-added 
samples  has  been  observed  suggesting  a  stronger 
exchange  coupling.  This  explains  why  small 
amounts  of  bft  and  Zr  substitutions  contribute 
to  the  much  higher  improvement  in  coercivity  and 
energy  product  among  the  samples  investigated. 


4.  Conclusions 

In  conclusion,  the  magnetic  properties  of 
(Pr,Tb)2(Fe,Nb,Zr)i4B/a-Fe  nanocomposites  have 
been  signiicantly  improved  by  the  addition  of 
small  amounts  of  Nb  and  Zr.  A  strong  texture  was 
developed  in  the  as-quenched  samples.  The 
‘"slanted”  loop  squareness  in  the  Nb-added  sample 
originates  from  the  irregular  grain  shape  and 
broader  grain  size  distribution,  which  can  be 
signiicantly  improved  with  a  slight  substitution 
of  Zr.  An  approximate  50%  enhancement  in  the 
coercivity  and  maximum  energy  product  has  been 
observed  in  Pr7Tb1Feg7Nbo.5Zro.5B4,  which  is 
attributed  to  the  drastic  enhancement  of  exchange 
coupling  due  to  the  signiicant  reinement  of 


microstructure  and  the  homogeneous  iribution 
of  a-Fe  grains. 


Acknowledgements 

This  work  was  supported  by  DA  ^  \-Met^i- 
Materials  Program  and  Santoku  Am^  Inc. 


References 

[1]  R.  Skomski,  J.M.D.  Coey,  Phys.  Rev.  B  15812. 

[2]  L.  Withanawasam,  A.S.  Murphy,  G.C.  Ha  2  -  ^layis,  R.F. 
Krause,  J.  Appl.  Phys.  76  (1994)  7065. 

[3]  Y.Q  Wu,  D.H.  Ping,  K.  Hono,  M.  Hamai^.  .  A.  Inoue,  J. 
Appl.  Phys.  87  (2000)  8658. 

[4]  Z.M.  Chen,  H.  Okumura,  G.C.  Hadjipana  -  Q.  Chen,  J 
Appl.  Phys.  89  (2001)  2299. 

[5]  V.  Neu,  L.  Schultz,  J.  Appl.  Phys.  90  (200^  40. 

[6]  Z.Q.  Jin,  H.  Okumura,  G.C.  Hadjipanayi:  ;  AEE  Trans. 
Magn.  37  (2001)  2564. 

[7]  W.  Zhang,  A.  Inoue,  J.  Appl.  Phys.  89  (20*  o09. 

[8]  J.H.  Yin,  B.G.  Shen,  D.H.  Wang.  X.B.  V.  Wang, 
Y.W.  Du,  J.  Alloys  Compounds  316  (2001;  ,  A 

[9]  T.  Schrefl,  J.  Fidler,  H.  Kronmiiller,  Phv  H'ev.  B  49 
(1994)  6100, 

[10]  Z.M.  Chen,  H.  Okumura,  G.C.  Hadjipanayi:  Q.  Chen,  J. 
Alloys  Compounds  327  (2001)  201. 

[1 1]  Z.M.  Chen,  Y.  Zhang,  Y.Q.  Ding,  G.C.  Ha  .■  yvanayis,  Q. 
Chen,  B.M.  Ma,  J.  Appl.  Phys.  83  (2001)  5  ■  \ 

[12]  P.G.  McComrmick,  W.F.  Miao,  F.A.I.  SmJAy.  i  Ding,  R. 
Street,  J.  Appl.  Phys.  83  (1998)  6256. 

[13]  X.Y.  Zhang,  Y.  Guan,  L.  Yang,  J.W.  Zhanu  Appl.  Phys. 
Lett.  79  (2001)  2426. 

[14]  T.  Shima,  A.  Kamegawa,  K.  Hcno,  H.  Fa  s  aori,  Appl. 
Phys.  Lett.  78  (2001)  2049. 

[15]  Z.Q.  Jin,  H.  Okumura,  H.L.  Wang,  J.F  yiunoz,  V. 
Papaefthymiou,  G.C.  Hadjipanayis,  J.  A  yn.  Magn. 
Mater.  242-245  (2002)  1307. 

[16]  R.  Fischer,  T.  Schrefl,  H.  Kronmuller,  J.  Fidif.  ,  J.  Magn. 
Magn.  Mater.  153  (1996)  35. 

[17]  Z.M.  Chen,  Y.  Zhang,  Y.Q.  Ding,  G.C.  Hadjipanayis,  Q. 
Chen,  B.M.  Mao,  J.  Magn.  Magn.  Mater.  Vlo  1999)  420. 

[18]  Q.  Chen,  B.M.  Ma,  B.  Lu,  M.Q.  Huang,  D.r  Laughlin, 
J.  Appl.  Phys.  85  (1999)  5917. 

[19]  J.  Garcia-Otero,  M.  Porto,  J.  Rivas,  J.  Ai-n;.  Phys.  87 
(2000)  7376. 

[20]  P.E.  Kelly,  K.O.  Grady,  P.I.  Mayo,  R.W.  CJantrell,  IEEE 
Trans.  Magn.  25  (1989)  3881. 


JOURNAL  OF  APPLIED  PHYSICS 


VOLUME  93,  NUMBPR  10 


15  MAY  2003 


Synthesis  and  magnetic  behavior  of  SmCo5(i_^  Fe^ 
nanocomposite  magnets 

Shaoyan  Chu®^  and  Sara  A.  Majetich 

Carnegie  Mellon  University,  5000  Forbes  Avenue,  Pittsburgh,  Pennsylvania  1 5213-3890 

Meiqing  Huang 

UES  Inc.,  4401  Day ton-Xenia  Road,  Dayton,  Ohio  45432 

Richard  T.  Fingers 

XFRL,  Wright-Patterson  AFB,  Dayton,  Ohio  45433 
(Presented  on  14  November  2002) 

SmCo5(i_^.)Fe^  (x=0.2,  0.4,  0.6,  and  0.7)  ipnocomposites  were  s}Pttiesized  by  ball  milling  a 
mixtum  of  SmCoj  and  nanosize  iron  pjwders.  Golmposites  were  made  itsing  different  kinds  of  soft 
feiTomagnetic  phase  nanoparticles,  either  a-Fe  Ctystallized  from  amoiphons  iron  genemted  by 
sonochemical  decomposition  of  Fe(CO)5 ,  or  acicular  metallic  iron  particles  with  an  average  length 
of  200  nm  and  average  diameter  of  18  nm.  After  milling  the  f»wder  mixtures  were  compacted  by 
hot  isostatic  pressing  at  3000  psi  for  --5  min  at  a  temperature  of  530- The  compacted  solids 
were  magnetically  characterized  between  5  and  300  K.  Hysteresis  loop  measurements  and  recoil 
measurements  for  the  (SmCo5)o.8/acicular-Feo.:^  composite  show  stronger  magnetic  coupling  when 
compared  with  the  properties  of  (SmCo5)o.g/amoiphous-Feo  2,  am-Fe  coated  SmCos,  and  pine 
SmCos  powdera  alone.  ©  2003  American  Institute  of  Physics.  [DOI  10.1063/1.1544511] 


I.  INTRODUCTION 

Exchange-spring  magnetic  materials'  have  the  potential 
to  subshmtially  increase  the  energy  product  and  the  revejre- 
iblc  component  of  the  magnetization  in  permanent  magnets, 
and  there  have  been  many  efforts  to  prepare  them.^”^  For  an 
ideal  exchange-spring  magnet,  the  sort  ferromagnetic  phase 
should  be  within  an  excliange  length  Lex  of  die  hard  ferro¬ 
magnetic  phase/  so  understanding  how  to  make  nanocom¬ 
posites  of  these  materials  is  crucial.  Coating  ball-milled 
SmCos  powder  with  amorphous  Fe  (am-Fe)/  was  shown  to 
increase  the  reversible  magnetization,  indicating  some  de¬ 
gree  of  magnetic  coupling  in  the  composite  powders.  Here 
we  examined  the  magnetic  behavior  of  powders  compacted 
by  hot  isostatic  pressing  (HIP),  both  mixtures  of 
SraCos  /am-Fe  and  SmCos  /acicular  a-iron  nmioparticles. 

II.  EXPERIMENT  ‘ 

Commercial  acicular  metallic  iron  (aci-Fe)  particles  used 
in  this  work  were  prepared  from  hydrogen  reduction,  of 
Fe203  at  high  tempcratine.  Nanograined,  structurally  disor¬ 
dered  Fe  was  synthesized  sonochemically.^  ^  Details  of  this 
synthesis  are  found  in  Ref  8.  To  produce  the  am-Fe,  a  reac¬ 
tion  vessel  was  filled  with  pure  liquid  Fe(CO)5  under  an 
argon  atmosphere.  It  wvas  then  exposed  for  a  few  hours  to 
ultrasound  at  20  kHz  with  a  power  density  of  100  W/cm^, 
generated  by  a  sonic  dismeinbrator.  The  solid  particles  were 
iiiagiiclically  bcpiuatcd  fiuni  the  ieiiiaiiis  uf  liquid  phase, 
Fe{CO)5  and  then  washed  by  pentane  more  than  ten  limes, 
all  under  an  inert  atmosphere.  Alter  diy  ing  under  mechanical 


^'^Electroiiic  mail:  sm70@anclrew.cinu.edii 
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pump  vacuum,  the  fine  pow^der  was  mixed  with  commer¬ 
cially  available  SmCos  powder  (Alfa  Aesar,  -  30  Mesh)  and 
sealed  in  a  Pys:cx  ampoule  containing  Zfi32  balls  under  Ar. 
The  typical  gra.i!i  size  of  the  milled  SmCo^  powder  was  25- 
100  nm,  and  the  typical  particle  size  was  —  1  /xm  after  ball 
milling  in  a  roinug  mill  for  rouglily  one  ’veek. 

Seamless  stainless  steel  304  tnbing  (0.3750  in.  diameter, 
0,010  in.  wall  thickness)  waas  used  to  seal  the  powder  mix¬ 
tures  for  HIP  compaction.  The  tubing  was  evacuated  to  a 
base  pressure  below  10”^  Ton*  and  then  sealed  imder  argon. 
Because  of  the  o  xidation  sensitive  SmCo5  phase,  the  powder 
was  always  kepi  under  argon  using  a  glove  box  or  a  glove 
bag.  A  magnei^e  field  up  to  9  T  was  applied  to  align  the 
magnetic  particles  prior  to  compaction.  Ihe  maximum  tem¬ 
perature  and  pressure  attained  during  HIP  consolidation  were 
550±3()°C  and  3000  psi.  The  heat  treatment  time  of 
—  5  min  was  kept  as  short  as  possible  to  minimize  grain 
growtli. 

Magnetic  properties  were  measured  in  the  temperature 
range  of  5-300  K  and  at  fields  up  to  50  kOe,  using  a  super¬ 
conducting  quaiitum  interference  device  magnetometer.  The 
compacted  samples  were  either  in  bulk  chunks,  or  were 
ground  and  magnetically  oriented.  To  magnetically  orient 
powder  samples,  the  powrters  were  ground  to  <38/ioi, 
mixed  with  epoxy,  and  allowred  to  harden  in  a  20  kOe  field. 
Tlie  samples  used  iii  the  magiielic  ineasiiremcms  had  a  wicitli 
to  thickness  ratio  of  at  least  15:1,  so  that  die  demagnetization 
corrections  w^ere  negligible.  For  the  recoil  measurements,  a 
saturating  a  revci-xc  field  was  applied  and  reduced  to  zero, 
and  then  die  magnetization  was  recorded. 
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FIG.  1.  Field  dependence  of  the  magnetizaticjn  at  293  K  for  powder  samples 
of  acicular  Fe,  and  for  amorphous  Fe  before  and  after  annealed  at  320  °C  for 
Ih. 

III.  RESULTS  AND  DISCUSSION 

A.  Magnetic  properties  of  the  constitutent  materials, 
Fe  and  SmCos  ; 

The  inagiietizatioii  ciin^es  of  the  different  types  of  Fe 
nanoparlicles  are  shown  in  Fig.  1.  The  saturation  magnetiza- 
tioir  ,  and  the  coercivity,  //^, ,  of  commercial  aci-Fe 
nanoparticles  used  here  were  ---114  emu/g  and  —500  Oe,  re¬ 
spectively.  The  reduced  moment  of  the  aci-Fe  relative  to  that 
of  bulk  a-Fe  is  attributed  to  surface  oxidation  and  the  pres¬ 
ence  of  impurities.  The  saturation  magnetization,  ,  of 
am-Fc  nanoparticles  can  vaiy’^  froiti  a  few  emu/g  to 

—  1 20  emu/g  depending  on  tlie  size,  ctystallinity,  and 
contaminants.'^“^^  As  made,  the  am-Fe  was  superparamag- 
netic  at  room  temperature.  However,  after  annealing  at 
320  for  1  h  to  improve  the  ciy^stallinity,  the  sample  has  an 
My  of  —88  emu/g  and  a  7/^  less  than  50  Oe. 

The  magnetic  properties  of  the  ball-milled  SmCo5  pow¬ 
der  alone  are  included  in  Fig.  2.  At  293  K,  was 

—  76  emu/g,  and  the  coercivity,  //./  was  —  11.5kOe.  We 
have  previously  obtained  higher  coercivity  in  pure  ball- 
milled  SmCos;^*^  however,  the  11.5  kOe  value  refers  to  a 
sample  treated  with  the  same  processing  conditions  as  those 
of  the  composite  materials. 


H  (kOe) 

FIG.  2.  Hysteresi.s  loops  for  (SmCos)o,8''^'^-Feo  2  ‘«id  (SmCo5)o.8/aci-F€o.2  , 
mixed  powders  alter  a  HIP  heat  trealrneiit.  For  comparison,  data  for  an¬ 
nealed,  uncompacted  am-Fe  coaled  SmCos,  and  pure  ball-milled  SmCo5 

alone  are  also  shown. 


FIG.  3.  Recoil  measurements  for  the  HIP  cr.tnpacted  samples  of 
(SmCo5)ej/ad-Feo  2  (a)  and  (SmCo5)o  8/am-Feo  7  i^)-  After  saturating  a 
reverse  field  was  ^plied  and  then  reduced  to  zero 


B.  Magnetic  properties  of  the  SmCos/Fe  compacted 
nanocomposites 

Figure  2  also  shows  hysteresis  loops  for  the 
(SmCo5)o.8/am-Feo2  and  (SmCo5)o,s/aci"Feo2  magnetically 
oriented  powder  samples  after  HIP  heat  iicatment.  The  heat 
treatment  enhanced  ,  but  imfortunatelv  also  reduced  the 
coercivity,  in  comparison  with  the  original  ball-niillcd 
SmCo5 .  A  significant  increase  inM^  and  iH^arly  single -phase 
magnetic  behavior  are  seen  for  the  {SojCo5)o8/aci"“FeQ9 
sample,  implying  stronger  magnetic  coupling  between  the 
soft  and  hard  phases.  The  (SmCo5)o.s/aiiFFeo  2  sample  lias  a 
larger  coercivity,  but  it  shows  two-phase  behavior  and  has  a 
reduced  remanence.  Similar  qualities  were  also  noted  in  am- 
Fe-coated  SmCos  powders.^  In  the  acicular  Fe  particles,  the 
diameter  is  on  the  order  of  the  exchange  length,  and  it  is 
fairly  imiforra.  While  the  4-5  mii  grain  size  of  the  aoior- 
phous  Fe  is  also  uniform,  the  am-Fe  coating  on  the  ball- 
milled  SmCo5,  or  am-Fe  cluster  contauis  many  layers  of 
grains  and  varies  in  thickness.  As  a  result,  when  a  local  di¬ 
mension  of  the  a-Fe  phase  exceeds  the  exchange  lengtli  /.x 
(—15  nm)^  of  the  SmCos  phase,  the  exchange  coupling  be¬ 
tween  these  two  phases  will  be  no  longer  effective  Similarly, 
the  ball  milled  SmCos  lias  small  grains  but  not  a  smaf!  av¬ 
erage  particle  size,  so  much  of  the  hard  phase  is  beyood  an 
exchange  length  of  the  soft  Fc  phase.  Some  anisotropy  was 
observed  in  the  magnetically  aligned,  coiiipacted  samples, 
and  a  more  detailed  study  of  this  effect  wisl  be  the  subje  ct  of 
a  future  publication. 

Recoil  measurements  for  the  coriipactcd  samples 
SmCo5/Fe  were  carried  out  to  quantify  -iic  degree  of  niag- 
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FIG.  4.  Field  depeadence  of  reversible  mapietizationM^/Mj  of  compacted 
samples  of  (SmCojJoj  /aci-Fcoj  and  (SmCo5)o j  / Mn-Feo^2  • 


iietic  coupling.  Figurcs  3(a)  and  3(b)  present  recoil  results  for 
die  sample  used  in  Fig.  2.  In  each  of  the  recoil  loops  the  data 
indicates  tliat  the  reversible  magnetization,  ,  is  a  reason¬ 
able  fraction  of  M,, ,  as  shown  in  Fig.  4.  At  lower  fields 
(<5kOe),  the  value  of  in  (SmCosio.g/aci-Feo.a^  is 
clearly  larger  than  that  in  (SmCo5)o  8/am-Feo2.  Tliis  also 
indicates  tliat  there  is  stronger  magnetic  coupling  between 
the  acicular  Fe  and  the  SmCos  pliases.  Experiments  are  un¬ 
derway  to  determine  the  relative  importance  of  pinning  arid 
nucleation  to  the  cocrcivity. 

Single-phase  magnetic  behavior  seen  from  the  hysteresis 
loops  and  recoil  curv^es  of  compacted  (SmCo5)o.8/3.ci-Feo.2 
by  no  means  implies  a  single  phase  in  the  microstructure. 
Figure  5  shows  that  this  sample  lias  two-phase  magnetic  be- 
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FIG.  5.  Hysteresis  loops  for  (SmCo5)Q  g  /aci-Feg  2  at  10  and  293  K  as  well  as 
(SmCo5)oj/aci-Feo,7  at  293  K  mixed  powders  after  a  HIP  heat  treatment. 


ha\dor  at  low  temperature,  suggesting  that  the  HIP  heat  treat¬ 
ment  did  not  product  a  new  chemical  pliase  in  this  system. 
Under  the  same  HIP  conditions,  the  saturation  magnetization 
Ms  increases  monotomcaUy  with  increasing  soft -phase  con¬ 
tent,  within  the  experimental  window  of  SmCc}5(|  -.x)Fe^  {x 
=  0.2,  0.4,  0.6,  and  0.7).  At  the  same  time,  decreases  with 
increasing  soft  phase  content.  The  ball  milling  time  and  the 
HIP  conditions  may  need  to  be  adjusted  to  optimize  the  prop¬ 
erties. 

IV.  SUMMARY 

We  have  described  the  compaction  of  SmCo5(i  ...vFe., 
made  from  balFmilled  SmCos  and  different  types  of  Fc 
nanoparticles,  Hysteresis  loop  and  recoil  measurements  for 
the  (SmCo5)o.8/tiCi-Feo.2  composites  show  improved  mag¬ 
netic  coupling  compmed  with  composites  of 
(SniCo5)o.g/am-Fco.2,  ani-Fe  coated  SmCo5,  pure 

SmCos . 
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Fabrication  of  Sm-Co/Co  (Fe)  composites  by  electroless  Co 
and  Co-Fe  plating 


Q.  Zeng,®^  Y.  Zhang,  M.  J.  Bonder,  and  G.  C.  Hadjipanayis 

Department  of  Physics  and  Astronomy,  University  of  Delaware,  Newark,  Delaware  19716 
.  (Presented  on  12  November  2002) 

Sm-Co/Co  and  Sm-Co/Fe-Co  nanocomposites  have  been  fabricated  by  electro  plating  of 
Sni-Co  powders  wMi  Co  and  Co-Fe,  respectively.  The  influence  of  electroless  plai  ag  conditions 
on  tlie  magnetic  properties  and  structure  of  tlie  coatings  were  studied.  The  saturatior*  inagnetizaiion 
{Ms)  and  morphology  of  the  deposited  material  were  found  to  be  dependent  on  the  cr  ,7cenlration  of 
hypophospMte,  the  temperature  of  the  solution,  and  plating  time.  By  filating  ai  an  elevated 
temperature  and  decreasing  the  NaH2P02  •  H2O  concentration  of  the  bath,  the  phosi;hcrus  content 
decreases,  and  it  is  possible  to  form  Co  particles  with  a  of  up  to  142  emu/'g  as  co  rn  pared  to  160 
emu/g  for  bulk  Co.  For  50  /am  Sm(Co,Cu,Fe,Zr)7  5  particles,  coating  with  Co  has  had  little  effect 
on  tlie  coercivity,  maintaining  a  value  of  7  kOe,  while  ttere  is  a  substantial  increase  ia  the  value  of 
Ms  that  varies  with  Co  plating  time.  However,  SmCos  particles  with  a  size  of  a  few  microns,  plating 
with  the  bcc  Co-Fe  alloy  incieases  significantly,  at  the  expense  of  the  cocrch  ity  winch 
decreases  drastically.  ©  2003  American  Institute  of  Physics.  [DOT  10.1063/1.1558246] 


I.  INTRODUCTION 

Nanocomposite  magnets  are  based  on  interflicial  ex¬ 
change  coupling  between  magnetically  hard  and  soft 
materials.^  In  principle,  tlie  hard  phase  supplies  the  high 
magnetic  anisotropy  to  resist  magnelizntion  reversal,  while 
the  soft  phase  provides  the  high  magnetization  necessary  for 
remanence  which  results  in  a  high  energy  product  magnet 
These  magnets  ha^^e  been  fabricated  mainly  by  rapid¬ 
quenching  and  subsequent  armealing  or  meclianical 
alloying."  ^  However,  these  techniques  yield  nanocomposites 
with  randomly  dispersed  and  randomly  oriented  hard  grains. 
Their  maximum  energy  product  (BH)n^axj  although  im¬ 
proved  over  single  phase  isotropic  liard  magnets,  is  still  sig¬ 
nificantly  lower  than  that  of  oriented  single-phase  magnets. 
The  current  challenge  is  to  come  up  with  a  synthesis  route 
that  imparts  improved  erv  stallographical  alignment  of  the 
high  anisotropy  phase.  The  fabrication  of  magnetically  soft 
nanopaiticles  on  the  surface  of  hard  particles  is  a  key  step  in 
producing  bulk  high  energy  product  composite  magnets.^ 


It  is  well  known  that  electroless  plating  is  used  to  pro¬ 
duce  unifonnly  thick,  hard,  and  adliesive  coalings  on  a  wide 
variety  of  substrate  materiai.-.  In  this  article  we  present  a 
simple  and  economical  way  01  fabricating  Co  and  Co-Fe 
nanoparticles  deposited  on  the  surface  of  anisotropic  Sm-Co 
hard  powders  by  electroless  pi  tting  from  an  alkaline  solution 
cortaining  hypophospliite  which  is  used  as  a  reducing  agent. 

H.  EXPERIMENT 

Two  kinds  of  pulverized  powder  alloys  having  a  nominal 
composition  of  Sm(FeCoCuZr)7j  and  SmCos  witli  average 
particle  si^s  of  50  and  1.5  /am,  respectively,  were  used  as 
the  precursors  for  plating.  Initially  Co  and  Co-Fe  were  elec- 
trolessly  plated  onto  chemicaliy^'  polished  Cu  substrates  acti¬ 
vated  by  Pd^'^  to  optimize  the  bath  composition.  Sm-Co 
powders  were  degreased  in  acetone  solution  at  room  tem¬ 
perature  and  activated  in  a  solution  of  0.5  M  sodium  hypo- 
phospMte  at  90  °C  befoie  plating.  The  Sm-Co  powders  were 
then  introduced  to  tte  plating  baths  as  shown  in  Table  I. 


r\BLE  I.  Composition  of  plating  bath  and  plating  conditions. 
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Magnetization  of  Co  plated  on  Cu  substrate 


FIG.  1.  Effect  of  plating  temperature  and  reducing  agent  composition  on  the 
magnetization  of  Co  deposits. 


(c) 

FIG,  3.  Evolution  of  Co  deposit  microstructure  during  electroless  plating  of 
Co  on  Sm(Co,Cii,Fe,Zr)7_5  powders:  (a)  5  min;  (b)  1  h;  (c?)  2  h. 


A.fter  plating,  the  encapsulated  Sm-Co  powders  were  rinsed 
with  de-ionized  water  and  acetone  solution,  and  dtyed  in  a 
glove  box  filled  with  argon. 

The  composition  and  surface  morphology  of  the  depos¬ 
ited  materials  were  analyzed  by  scanning  electron  micros¬ 
copy  with  energy  dispersive  x-ray  spectroscopy  (EDS).  The 
ciy^stal  stnictiire  was  determined  by  x-ray  diffraction  with  a 
CiiATr  radiation.  Magnetic  measurements  were  made  using  a 
vibrating  sample  magnetometer. 

111.  RESULTS  AND  DISCUSSION 

The  effect  of  temperature  mid  composition  of  reducing 
agent  on  the  saturation  magnetization  of  the  deposits  was 
studied  on  Cu  substrates  plated  with  Co  particles.  The  results 
of  Fig.  1  show  that  a  higher  temperature  and  lower  concen¬ 
tration  of  the  reduction  solution  (NaH2P02  1420)  increase 
the  saturation  magnetization  of  Co  particles  due  to  the  de¬ 
crease  in  phosphorus  content.  EDS  studies  show  tliat  the 


FIG.  2.  X-ray  diffractiou  patterns  of  (a)  SmCos  powders;  (b)  with  Co  plat¬ 
ing  for  2  h;  and  (c)  with  Fe-Co  plating  for  2  h. 


phosphorus  content  is  3~6  at.  %  for  Co  plating,  wliile  in  the 

case  of  Fe-Co  plating,  it  is  1-2.5  at.  %.  The  highest  value  of 
A/y  obtained  so  far  for  Co-plating  is  142  emiFg  Annealing  at 
temperatures  in  the  nmge  of  350-500  °C  luitiier  increased 
tlie  saturation  magnetization.  Similar  increase  of  was  ear¬ 
lier  observed  during  annealing  of  Co-Ni-K'  which  was 
accompanied  by  appearance  of  the  C02P  and  Ni  >P.  Altliough 
we  did  not  observe  clear  C02P  peak  in  our  x-ray  diffraction 
(XRD)  data,  one  can  suppose  that  this  phase  does  fomi  to- 
getlier  with  pure  Co.  Since  C02P  is  only  nealfiy  fenomag- 
netic,  one  can  also  suppose  tliat  Co~i-Co2p  mixture  has 
higher  saturation  magnetization  than  the  supersaturated 
Co(P)  solid  solution.  On  the  other  hand,  the  observed  in¬ 
crease  of  A/y  can  be  a  result  of  perfection  C‘f  Co  Ctystal 
structure  by  the  annealing. 

X-ray  diffraction  patterns  of  the  powders  plated  for  2  h 
are  shown  in  Fig.  2  along  with  the  spectrum  of  ihe  original 
SmCo5  particles.  As  can  be  seen,  the  strong  peaks  of  hex¬ 
agonal  Co  and  bcc  Co-Fe  solid  solution  appear,  while  the 
peaks  of  SmCo5  pe^iks  decrease  skir|3iy.  This  indicates  the 
formation  of  veiy  thick  Co  and  Co-Fc  deposits  on  the 
SmCos  powder  surface.  According  to  PDF  database  and  EDS 
analysis,  the  Co-Fc  layer  has  composiiion  close  to 


FIG.  4.  Microstnicture  of  Co-Fe  alloy  deposite  on  the  surface  of  SmCos 

powders. 
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(a)  (b) 


FIG.  5.  Backscattered  SEM- structure  of  Fe-Co  coated  Sm-Co  particles:  (a) 
50  (b)  1.5  /ttii. 


Co7oFe3o.  In  fact,  this  phase  may  also  have  an  ordered  struc¬ 
ture  with  higher  satunitioii  magnetization.  This,  however, 
could  not  be  confirmed  by  XRD  because  the  ordeied  Co-Fe 
has  veiy  low  intensities  of  the  superstructural  peaks. 

Figure  3  shows  the  evolution  of  the  Co  deposit  micro- 
structure  at  the  different  stages  of  plating.  In  the  initial  stage, 
the  coating  is  not  continuous,  but  the  particles  are  vety  uni¬ 
form  with  the  size  of  50- 100  nm.  However,  extended  plating 
time  results  in  a  much  smootlier  surhice  [Fig.  3(c)].  In  the 
case  of  Co-Fe  deposits,  continued  plating  results  in  particle 
agglomeration  witli  a  Co-Fc  average  particle  size  of  more 
than  100  nm  (Fig.  4).  Typical  cross-sectional  structures 
showing  the  Co-Fe  plating  thickness  are  given  in  Fig.  5. 
Both  of  the  images  show  a  uniform  Co-Fe  layer  regardless 
of  initial  Sin-Co  particle  size. 

Figures  6  and  7  show  the  hysteresis  loops  of  Co- 
encapsulatcd  Sm( CoFeZrCu) 75  and  Co-Fe-encapsulated 
SmCo5  composites,  respectively.  As  can  be  seen  for  the  case 
of  the  Co  plating,  the  saturation  magnetization  increases 
while  the  coercivity  remains  the  same  tliroughout  the  sample 
set.  A  smooth  single  switching  field  loop  persists  up  to  1  h  of 
plating  as  seen  in  Fig.  6(b),  beyond  wliich  a  shoulder  appears 
in  the  hysteresis  loop  [Fig.  6(c)].  In  the  case  of  Co-Fe  plat¬ 
ing,  the  saturation  magnetization  increases  more  sharply  than 


Applied  field  (T) 

Mri.  5.  Magnetic  propenies  of  Co  coated  Sm(C  oFeCuZr)7  5  powders  (30 
/xm)  (a)  before  plating;  (b)  after  plating  for  1  h;  (c)  after  plating  for  2  h. 


FIG.  7.  Mapietic  properties  of  Co-Fe  coated  SmCo5  powdere  (1.5  $im)  (a) 
before  plating;  (b)  after  plating  for  5  'mill;  (c)  after  plating  for  15  min;  (d) 
after  plating  for  2  h. 


that  of  Co  plating.  This  is  easy  to  understand  as  Co-Fe  has  a 
higher  magnetization  than  Co.  However,  the  two  materials 
are  not  exclange  coupled  even  for  the  shortest  times  consid¬ 
ered  Imm.  The  coercivity  and  squareness  are  lost  with  in¬ 
creasing  plating  time.  TMs  may  be  in  part  due  to  the  small 
size  of  tte  initial  SmCos  articles.  Different  ways  to  improve 
the  exchange  coupling  in  Co  (Fe)  plated  SmCos  particles 
including  special  compaction  techniques  are  under  way. 

IV.  CONCLUSION 

In  conclusion,  we  have  successfully  fabricated  Co  and 
Co-Fe  coated  anisotropic  Sm-Co  nanoconiposites  by  elec¬ 
troless  plating.  As  discussed  in  this  article,  this  technique 
provides  a  route  for  increasing  the  energy  product  of  Sm-Co 
permanent  magnets  with  the  addition  of  Co  and  Co-Fe  to 
increase  the  M^. ,  'while  maintaining  the  high  .  The  of 
the  de|»sits  is  critically  dependent  on  sample  preparation 
and  is  a  fimetidn  of  the  phosphorus  content,  wMch  in  turn,  is 
controlled  by  the  deposition  variables,  primarily  the  solution 
composition,  and  plating  temperature. 
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We  study  the  depinning  field  in  magnetic  hard-soft  naiKicomposite  by  finite-temperature  Monte 
Carlo  simulation  for  two  different  topologies  of  the  comjwsites:  (1)  a  Imrd  phase  in  a  soft  matrix  and 
(2)  a  soft  phase  in  a  hard  matrix.  We  find  tliat  the  depinning  field  and  maximum  ener^  product  is 
Mgher  in  the  first  case.  The  temperature  and  composition  dependence  of  the  switching  field  and 
maximum  energy  product  is  reported.  ©  2003  American  Institute  of  Physics. 
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I.  INTRODUCTION 

Bulk  magnets  of  mixed  hard  and  soft  phases  have  been 
studied  recently'  "^  because  of  the  promise  that  the  magneti¬ 
zation  can  be  increased  without  substantial  reduction  in  the 
coercive  field,  theieby  increasing  the  energy  product.  Past 
theoretical  interest  focused  on  a  coherent  rotation  mechanism 
at  zero  temperature.^^^'  Our  recent  Monte  Carlo  simulations  at 
finite  temperatures  for  multilayer  systems  and  models  of 
nanocomposite  systems  for  the  nucleation  field  are  con¬ 
sistent  with  zero-temperature  analytic  calculations.^’^  The  ex¬ 
perimental  coercive  field  in  bulk  systems  is  much  smaller 
than  this  theoretical  ‘Tiucleatioif’  field  In  bulk  experimen¬ 
tal  systems,  nucleation  centers  such  as  surfiices  and  grain 
boundaries  enable  the  initiation  of  the  switching  to  b3^passes 
the  intrinsic  nucleation  mechanism.  The  rate  limiting  step 
may  then  be  determined  by  the  depinning  of  a  domain  wall 
Recently,  we  studied  a  model  of  a  soft  matrix  with  a  periodic 
array  of  aligned  cubic  hard  magnetic  inclusions.  We  deter¬ 
mined  the  intrinsic  nucleation  field  If,  and  the  depimiing 
field  Ifi  at  diflerent  temperatures  with  Monte  Carlo  simula¬ 
tions  and  find  that  Ifi  is  approximately  5  times  smaller  than 
If,  and  has  a  different  dependence  on  the  amount  of  the  soft 
materials.  A  significant  temperature  dependence  was  ob- 
seivcd,  consistent  with  our  emlier  work,^^  which  focuses  on 
the  qualitative  trends  and  physics  of  this  type  of  problems. 
Two  different  topologies  of  the  composite  can,  in  principle, 
be  made:  (1)  hard  inclusions  in  a  soft  matrix  and  (2)  soft 
inclusions  in  a  hard  matrix.  In  this  paper,  we  report  results  of 
our  studies  on  the  second  case  and  compare  tlicm  with  our 
previous  results  for  the  first  case.  We  found  that  the  switch¬ 
ing  field  and  maximum  energy  product  is  higher  in  the  first 
case.  We  now  describe  our  results  in  detail. 

U.  MODEL  AND  DETAILS 

We  have  performed  Monte  Carlo  simulations  of  a 
collection  of  Heisenberg  spins  under  periodic  boundary 
conditions.  The  interaction  energy  between  the  spins  at 
the  positions  R.  R'  is  given  by 

0021  -8979/2003/93(1 0)/61 92/3/$20.00 


where 

is  the  sum  of  the  dipolar  energy 

and  the  nearest-neighbor  exchange  energy  V^=~JS(R 
=  WFa)Sij.  Here  a  denotes  the  nearest -neighbor  distance. 
gab"^MJldi,/v,  where  is  the  magnetization  of  site  a,  and 
V  is  the  unit  cell  volume.  Experimentally,  the  effective  pa¬ 
rameters  can  exliibit  temperature  dependences.  Part  of  tliis  is 
electronic  in  origin  and  part  of  this  is  due  to  the  thermal 
fluctuation  of  tlie  spins.  Starting  with  the  above  model  with 
non-temperature-dependent  parameters,  one  finds  that  as  a 
result  of  thermal  fluctuation  the  average  magnetization  and 
the  effective  anisotropy  constant  will  change. The  change 
of  the  physical  quantities  due  to  thermal  fluctuation  is  al¬ 
ready  included  in  our  calcidation.  In  our  calculation,  we  shall 
assume  constent  parameters  and  ignore  possible  electronic 
contributions  within  the  temperature  range  that  we  work  in. 

We  have  recently  developed  a  Monte  Carlo  code  and 
have  investigated  the  micromagnetic  behavior  of  various 
problems. Our  Monte  Carlo  calculation  produces  known 
results  in  micromagnetics  in  all  situations  that  we  have 
tested.  In  particular,  our  simulation^  agrees  with  analytic 
calculations  for  the  nucleation  field  for  multilayer  structures 
by  Skomski  and  Coey."^  Thus  we  feel  confident  that  the 
Monte  Carlo  technique  produces  reliable  results  for  the  co¬ 
ercive  behavior  of  magnetic  systems.  Our  Ccilculation  is  car¬ 
ried  out  on  classical  thiee-climensional  spins  (the  ‘Tleiscn- 
berg”  model)  on  a  simple  cubic  lattice  in  a  box  of  size 
LXLX2L  under  periodic  boundar}^  conditions  with  the  con¬ 
ventional  Metropolis  algorithm.  Here  we  apply  this  tech¬ 
nique  to  a  model  of  a  hard  matrix  witii  a  periodic  array  of 
aligned  soft  inclusions.  The  pinning  structure  is  modeled  by 
setting  the  interaction  constants  to  that  of  the  hard  phase 
(soft  piiase)  for  tiie  spins  in  the  matrix  (inclusion).  The  in¬ 
clusion  is  assumed  to  be  cubes,  as  is  described  in  our  previ¬ 
ous  work.  This  is  illustrated  in  Fig.  1  for  one  particular  case 
of  soft  material  thickness.  We  show  different  cross  sections 
of  our  box.  The  soft  magnetic  material  are  inside  the  cubic 
inclusions  for  A'--=  7  - 10  and  1 3  - 1 6.  Most  of  our  calculations 
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FIG.  1.  Tlie  location  of  the  hard,  phase  as  a  function  of  z  and  y  for  1,  4, 
7,  10,  13,  and  16. 


are  performed  for  L  20.  The  parameters  that  we  used  are, 
for  the  soft  layer,  J^^2.2X  10“^  er^cm,  ^^=54 
X  10"^  ei^cc,  and  Ms  =  1731  emu/cc,  and  for  the  hard  layer, 
J^=2.8X10“"^er^cm,  18X  lO^er^cc,  and  Mh 

=  900eniu/cc  corresponding  approximately  to  SmCos-Fe 
composites.  The  exchange  between  the  hard  and  soft  phases 
is  taken  to  be  the  geometric  mean  of  die  hard  phase  and  soft 
phase  exchange,  i.e.,  ^  cubic 

block  spin  of  linear  dimension  of  3.7  A  for  both  the  hard  and 
soft  phases.  In  real  e^eriniental  ^sterns,  the  shape  of  the 
pimung  grains  may  not  be  unifomi.  Nor  will  they  be  square 
in  shape.  Our  goal  here  is  not  to  exactly  calculate  the  e?q)eri- 
mental  switching  field.  Rather,  our  aim  is  to  compare  the 
relative  merit  of  two  different  class  of  pinning  structures.  For 
this  purpose,  we  feel  that  our  idealized  .structure  will  be  suf¬ 
ficient. 

To  deteimine  the  depinning  field,  we  set  the  spins  in  the 
upper  half  (z>0)  along  the  x  direction  and  opposite  to  that 
of  the  lower  half  (z<0)  at  the  beginning  of  the  simulation. 
The  system  is  then  equilibrated  in  zero  field.  We  perform 
simulations  at  increming  field  strengths  along  the  negative  x 
direction  until  the  switcliing  occurs.  From  this,  we  can  deter¬ 
mine  Itm  coercive  field  as  a  firnction  of  the  amount  of  the* 
soft  phase. 

The  length  scale  that  governs  the  magnetic  fluctuation  is 
given  by  . | . .  Near  the  onset  of  switch¬ 

ing  the  magnetic  field  is  of  the  order  of  the  anisotropy  of  the 
hard  magnet,  which  is  much  bigger  than  the 

anisotropy  constant  of  the  soft  magnet.  Hence  in  both  the 
liard  and  soft  phases  the  length  scale  is  of  the  order  / 
^ 2  ^J\2J]K|J^35.2  A,  The  pinning  potential  for  the  do-main 
wall,  F,  is  given  by  the  difference  of  the  domain  wall  ei^r^ 
between  the  hard  and  soft  phases 

111.  RESULTS  AND  CONCLUSION 

The  depinning  field  //^  nonuilized  by  the  hard  phase 
coherent  switching  field  ///.  --27.';,.  as  a  function  of  the  fliick- 
ness  cl,  of  the  soft  pliasc  nonnalized  by  /  is  shown  in  Fig.  2 
together  with  our  previous  results  for  case  (1)  for  three  tem¬ 


FIG.  2.  The  depinnin-g  field  and  low-temperature  magnetization  density 
IttM  (dotted  line)  m  a  function  of  the  soft  layer  fiiickness  noraialized  by 
the  magnetic  length  at  three  different  temperatures:  T/V=0.58  (solid  line), 
T/V=L2  (dashed  line),  and  T IV— 2.3  (dash-dotted  line).  ITie  hard  cube 
thickness  is  fixed  at  the  magnetic  lengfii.  The  coercive  field  is  normalized  by 
the  hard  phase  coherent  switching  %.qMH^=2Kjj  . 


peratures  7’/F^=T).58  (solid  line),  TIV^M  (dashed  line), 
and  TIV~23  (dash-dotted  line).  The  lower  three  curv^es  are 
for  the  present  case,  wliile  the  upper  three  cuiv^es  are  for  case 
(1).  Also  shown  is  the  magnetization.  exliibits  a  maxi¬ 
mum  as  ds  is  increased.  But  the  position  of  the  maximum 
now  occurs  for  larger  .  Most  importantly,  the  switching 
field  in  the  current  case  is  much  sraaller. 

The  temperature  range  studied  here  is  still  much  less 
than  the  Curie  temperature.  The  corresponding  magnetiza¬ 
tion  exhibits  a  relatively  small  change  in  tliis  temperature 
range  just  as  in  our  previous  work.  (For  the  Heisenberg 
model  1.7  J  for  a  simple  cubic  lattice.  The  liighest  tein> 
peratiue  we  looked  at  here  corresponds  to  a  temperature  of 
approximately  560  K.)  On  the  other  hand  there  is  a  substan¬ 
tial  decrease  of  llie  depinning  field  (300%),  even  though  the 


ds/l 


FIG.  3.  ITie  energy  product  for  SmCoj-Fe  as  a  function  of  the  soft  layer 
thickness  for  temperatures  T/V-0.5S  (dashed  line),  T/F=L16  (solid  line), 
md  TIV—23  (dash-dotted  line). 
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temperature  range  of  interest  is  still  much  less  than  the  Curie 
temperature.  Tliis  is  because  the  energy  scale  tliat  controls 
the  pinning  is  the  piiming  potential,  wliich  is  of  the  order  of 
the  difference  of  the  domain  wall  energj'  between  the  soft 
and  hard  phases  not  the  exchange  alone. 

The  energy  product  is  P  Depending  on 

the  relationslhp  between  M  and  H,  the  maximum  energy 
product  can  exhibit  different  beliavior.  M  is  approximately 
constant  when  H<Hj,  the  coercive  field.  If  M  is  constant, 
the  maximum  of  P  occurs  when  H=--Hq  =  2  ttM,  ,  where 
is  die  saturation  magnetization.  Thus  the  maximum  energy 
product  is  P2  ~  4ttA'1^  when  H ^{>2'nK'I .  M  is  no  longer 
constant  when  11>IU-  If  the  maximum  energy 

product  is  P,={4ttM - Hd)H a-  If  the  energy 

product  can  be  increased  by  increasing  M  even  if  is  de¬ 
creased.  In  Fig.  3  we  show  the  maximum  energy  product  of 
the  composite  discussed  here  at  three  temperatures  (TJV 
=  0.58,  dashed  line;  T/V~  1.16,  solid  line;  TIV=23\,  dash- 
dotted  line).  For  case  (1)  some  of  the  results  come  from  Pj 
and  some  for  Pj  •  I”  II'®  present  case,  all  die  results  come 
from  P]  because  die  switching  field  is  much  smaller.  Our 
result  suggests  tha  t  case  (1 )  have  a  better  cliance  of  providing 
a  magnet  with  a  liigh-energy  product. 

This  work  is  supported  in  part  by  DARPA  Contract  No. 
F33615-01-2166. 
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Abstract 

Recent  works  on  the  bulk-hardened  and  nanocrystalline  2:17  magnets  are  reviewed.  New 
experimental  findings  regarding  the  stnicmre  evolution,  high-temperature  magnetic  behaviour  and 
coercivity  mechanism,  as  well  as  progress  in  improvement  the  room-temperature  performance  of  the 
magnets  are  discussed. 


Introduction 


Known  for  three  decades,  the  '’2:17"  magnets  [1,2]  (named  for  their  major  phase,  Sm2Coi7)  are 
still  materials  of  a  great  commercial  importance,  especially  for  high-temperature  applications. 
Research  efforts  during  the  90s  [3-5]  pushed  the  maximum  operating  temperature  of  the  2:17 
magnets  to  above  400  °C.  This  became  possible  due  to  the  unusual  feature  of  certain  2:17  magnets  - 
the  positive  temperature  coefficient  of  their  coercivity.  Correspondingly,  the  earlier  coercivity 
models  had  to  be  updated  to  explain  these  phenomena. 

In  general,  the  Sm-Co-Fe-Cu-Zr  magnets 
(cast  or  sintered)  require  a  solution  heat 
treatment  at  1150  -  1175  followed  by  an 
isothermal  aging  in  the  temperature  range  of 
800  -  850  followed  by  slow  cooling  to  350 
-  400  °C.  The  aging  forms  a  sub-micron  size 
microstructure  consisting  of  the  2:17  cells  (the 
Th2Zni7-type  rhombohedral  structure) 
surrounded  by  1:5  layers  (the  CaCu5 
hexagonal  structure)  and  intersected  by  the  Zr- 
rich  lamellas  (whose  structure  is  disputable). 

The  slow  cooling  is  accompanied  by  element 
exchange  between  the  phases,  notably  by 
diffusion  of  Cu  into  the  1 :5  cell  boundaries.  A 
noticeable  coercivity  appears  only  at  this 
stage.  This  traditional  model  has  been  recently 
challenged  by  Goll  et  al.  [6]  suggesting  that 
the  CaCus-type  structure  of  the  cell  boundaries 
forms  only  at  the  cooling  stage. 

The  predominant  magnetic  hardening 
model  for  these  magnets  is  that  their  coercivity 
is  caused  by  a  large  gradient  of  domain  wall 
energy  at  the  cell  boundaries  which  leads  to 
domain  wall  pinning.  There  is  no,  however, 
agreement  on  the  origin  of  this  gradient.  To 
illustrate  this  point.  Figure  1  shows 
schematically  three  very  different  profiles  of 
the  anisotropy  constant/domain  wall  energy 
suggested  in  some  very  recent  publications. 

The  K\  profile  shown  in  Figure  I  a  and  resulted  from  microchemistry  studies  allows  two 
interpretations  with  respect  to  domain  wall  pinning.  According  to  Goll  [7],  the  1:5  layers  act  as 


Figure  I  Profiles  of  the  anisotropy  constant  K\  or 
domain  wall  energy  y  at  the  1:5  cell-boundary  phase  as 
(a)  estimated  by  Goll  [7],  Xiong  et  al.  [8],  (b)  propsed 
by  Van  et  al.  [9],  and  (c)  assumed  by  Liu  et  al.  [11], 
Rong  et  al.  [  1 2]. 
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repulsive  pinning  sites  at  room  temperature  and  as  attractive  pinning  sites  at  elevated  temperatures. 
On  the  other  hand,  according  to  Xiong  et  ai  [8],  domain  walls  might  be  trapped  at  the  Cu-rich  layers 
of  the  2:17  phase  adjacent  to  the  cell  boundaries.  Another  model  aroused  from  the  microchemistry 
studies  by  Yan  at  al.  [9]:  in  this  model,  domain  wall  motion  is  blocked  by  the  Cu-poor  outer  layers  of 
the  1:5  phase  (Figure  lb).  It  should  be  noted  that  the  "grain-boundary”  Sm(Co,Cu)5  phase  itself 
displays  exceptional  hard  magnetic  properties  [10].  Still  the  models  with  the  uniform  1:5  phase 
acting  as  attractive  pinning  site  (Figure  Ic)  are  frequently  used  for  qualitative  [11]  and  quantitative 
[12]  simulations.  Earlier  we  suggested  [13]  that  in  the  magnets  with  a  monotonic  temperature 
dependence  of  coercivity  the  hardening  is  not  due  to  pinning,  but  is  nucleation-controlled. 

In  this  paper,  we  review  the  most  recent  (and  mostly  experimental)  works  on  the  bulk-hardened 
2:17  magnets  with  a  special  attention  paid  to  the  studies  performed  at  the  University  of  Delaware 
Magnetics  Laboratory.  It  is  not  surprising  that  most  of  the  latest  studies  were  focused  on  the  structure 
evolution  and  coercivity  mechanism.  The  magnetic  perfonnance  was  also  addressed  in  the  attempts 
to  improve  the  high-temperature  coercivity  of  the  Sm-Co-Fe-Cu-Zr  magnets  or  raise  their  maximum 
energy  product  by  partial.  Pr  substitution  for  Sm.  The  review  on  the  2:17  magnets  would  be 
incomplete  without  mentioning  the  alloys  whose  coercivity  originates  not  from  the  above  two-phase 
cellular  structure,  but  from  very  fine  single  phase  grains.  These  nanocrystalline  magnets  made  from 
an  amorphous  precursor  or  by  controlled  rapid  solidification  are  also  suitable  for  high -temperature 
applications. 


1  Magnetic  properties  of  bulk-hardened  and  nanocrystalline  2/17  magnets 

1.  /  High-temperature  magnets 

A  number  of  recent  studies  were  aimed  to  explore  further  the  anomalous  temperature  dependence 
of  coercivity.  It  is  well  known  that  this  phenomenon  is  veiy^  sensitive  to  the  alloy  composition,  in 
particular  to  the  Fe  content.  Our  recent  work  has  showed  that  it  may  also  be  sensitive  to  the 
temperature  of  isothennal  aging.  Figure  2  shows  the  temperature  dependencies  of  coercivity  for  the 
2:17  magnets  with  three  different  Fe  concentrations  processed  either  at  800  or  850  “C.  In  all  the 
cases,  the  lower  aging  temperature  favours  the  high-temperature  coercivity  (at  the  larger  Fe  contents 
it  favours  the  room-temperature  coercivity  as  well). 


Figure  2  Coercivity  v.s.  temperature  for  Sm(Coo.9,rFevCuo,o8Zro,o:)7,5  magnets  aged  at  800  “C  for  36  h  (open  circles)  or  at 
850  “C  for  12  h  (closed  circles):  (a)  .v  =  0.1,  (b)  x  =  0. 1 5,  (c)  x  =  0.2. 

We  also  observed  magnetic  hardening  in  the  Sm(Coo.86-vFeo.iNi,Zro.o4)8.5  alloys  having  Cu 
completely  replaced  by  Ni.  The  cellular  microstructure  of  the  heat-treated  Sm-Co-Fe-Ni-Zr  magnets 
is  very  similar  to  that  of  the  conventional  Sm-Co-Fe-Cu-Zr  ones  (Figure  3).  Nickel  changes  the  Curie 
temperature,  saturation  magnetization  and  magnetocrystalline  anisotropy  of  the  1:5  cell-boundary 
phase  in  a  way  similar  to  that  of  copper.  It  has,  however,  much  greater  low-temperature  solubility  in 
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the  cell-interior  2:17  phase.  We  should  not  therefore  expect  significant  Ni  segregations  at  the  cell 
boundaries  after  aging.  The  observed  properties  (Figure  4)  -  relatively  low  room  temperature 
coercivity  and  its  anomalous  temperature  dependence  for  certain  Ni  concentrations  -  suggest  that  the 
segregation  of  the  non-magnetic  Cu  or  Ni  atoms  at  the  cell  boundaries  is  more  important  for  the 
room- temperature  coercivity  and,  apparently,  less  important  for  the  coercivity  at  elevated 
temperatures. 


Figure  3  TEM  images  showing  (a)  cellular  and  (b) 
lamellar  microstructures  in  heat-treated 
Sm{Coo.6xFeo.iNi(),isZr()()4)s.5- 

Zhang  et  al.  [14]  also  observed  the  anomalous  temperature  dependence  of  coercivity  in  bulk- 
hardened  PrCo6.7-.vCLirTio.3  and  reported  its  perfect  correlation  with  the  Curie  temperature  of  the  1:5 
phase.  Thermomagnetic  data  suggest  a  significant  effect  of  Ti  on  the  properties  of  the  cell-interior 
2:17  phase.  This  is  not  the  case  for  Zr  (known  to  form  a  separate  "lamellar”  phase)  and  may  explain 
the  low  room-temperature  coercivity  of  the  magnets  with  Ti.  Unfortunately,  because  of  the  poor 
room-temperature  properties  neither  bulk-hardened  Pr-Co-Cu-Ti  nor  Sm-Co-Fe-Ni-Zr  alloys  can  be 
considered  for  practical  magnets. 

Coercivity  can  also  be  developed  in  Sm2Coi7-based  alloys  by  inducing  a  nanocrystalline  structure, 
either  by  annealing  an  amorphous  precursor  or  directly  by  rapid  solidification.  Recently,  Rhen  et  al. 
[15]  reported  preparing  Sm-Co-Zr-Ti-B  magnets  by  annealing  a  ball-milled  amorphous  precursor. 
The  magnets  showed  coercivity  of  5  kOe  at  400  ®C  and  their  nanocrystalline  structure  of  the 
disordered  hexagonal  2:17  phase  (also  known  as  1 :7)  appeared  to  be  stable  at  this  temperature.  In  our 
recent  work  [16],  we  attempted  to  induce  texture  by  hot  deformation  of  similarly  prepared  Sm-Co-Fe 
alloys.  We  found  that  the  Cu  and  Ga  additions  significantly  increase  density  achieved  by  hot  pressing 
and  improve  deformability  at  elevated  temperatures.  However,  the  deformation  did  not  induce  the 
desired  texture.  The  typical  hysteresis  loops  and  alloy  microstructures  are  shown  in  Figures  5  and  6, 
respectively. 
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Figure  5  Hysteresis  loops  of  nanocrystalline 
Smio,85Co54  25Fe2i.fiCui?.?:  hot-pressed  magnet  (/).  die-.. 
upset  magnet  parallel  to  pressure  direction  (2),  die-upset 
magnet  parallel  to  pressure  direction  (i). 


Figure  6  TEM  (a)  bright-field  and  (b)  high-resolution 
images  of  hot-pressed  Smn  c)Co59,5Fe2i6Cu5  magnet. 


7.2  Magnets  with  high  energ}^ product 

So  far,  the  most  effective  way  of  increasing  the  energy  product  in  the  bulk-hardened  Sm-Co-Fe- 
Cii-Zr  magnets  proved  to  be  an  increase  of  the  Fe  content.  Magnets  with  25  -  28  at.%  Fe  show  a 
{BH)m  of  33  -  34  MGOe  with  a  coercivity  //c  of  13  -  18  kOe  [17-19],  Partial  replacement  of  Sm  by 
other  light  rare-earths  with  larger  atomic  magnetic  moments,  though  potentially  promising,  appeared 
to  be  less  successful.  The  energy  product  of  36  MGOe  reportedly  measured  on  a  quasi-single  crystal 
with  41%  Sm  replaced  by  Pr  [20],  has  never  been  reproduced  in  sintered  magnets  [21].  For  the  latter, 
30  MGOe  with  of  15.5  kOe  were  the  best  reported  properties  achieved  via  combined  Pr-Nd-Ce 
substitution  for  Sm  [22]. 

Working  with  cast  magnets  we  have  succeeded  in  achieving  vci*)’  high  values  of  (at 

reasonably  high  He)  by  partial  Pr  substitution  for  Sm.  The  as-cast  ingots  were  subjected  to  a  solution 
treatment  at  1 100  -  1 175  °C  followed  by  water  quenching.  Isothermal  aging  was  performed  at  785  - 
850  and  followed  by  slow  cooling  to  350  °C  at  a  rate  of  0.7  °C/min.  The  magnetic  properties  were 
measured  for  magnetically  oriented  coarse  powders  magnetized  by  a  dc  field  of  50  kOe  with  an 
appropriate  correction  for  the  self-demagnetizing  field. 

It  is  known  from  the  earlier  studies  [21]  that  Pr  substitution  makes  the  2:17  magnets  more 
sensitive  to  the  solution  treatment  temperature.  Figure  7  shows  the  {BH)xn  of  fully  heat-treated 
magnets  with  different  Pr  substitutions  plotted  as  a  function  of  the  solution  treatment  temperature. 
When  Pr  is  added,  the  effect  of  this  temperature  becomes  much  stronger  for  the  same  aging 
conditions;  the  optimum  solution  temperature  decreases  with  increasing  Pr  content.  It  is  interesting, 
however,  that  even  after  solution  treatment  at  a  "wrong"  temperature,  relatively  high  {BH)m  values 
can  be  achieved  after  a  very  prolonged  aging  (Figure  8).  SEM  reveals  that  both  samples  with 
relatively  large  Pr  content  shown  in  Figure  8  are  not  perfectly  homogeneous  after  the  solution 
treatment.  Sample  1,  which  was  processed  at  1150  °C,  contained  fewer  precipitates  rich  in  Pr  and  Cu, 
while  sample  2,  which  was  held  at  1125  °C,  contained  extended  areas  which  are  slightly  enriched  in 
Pr  and  Cu.  Therefore,  the  longer  aging  time  for  sample  1  is  required  because  of  the  longer  average 
distance  that  the  atoms  of  the  more  segregated  elements  (like  Cu)  must  travel  until  they  reach  their 
position  in  the  newly  formed  cellular  structure. 
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Solution  treatment  temperature  ( °C)  Aging  time  (h) 

Figure  7  Effect  of  solution  treatment  temperamre  on  the  Figure  8  Maximum  energy  product  nv.  aging  time  for 

maximum  energy  product  of  (SmnjaPru.vJi  i(COf)  -;Fe()2s)K2Cu5  5Zri  5  alloy  sotution- 

(Smj.HPrH.)ii(Coo.72Feo.2s)s2Cu5.5Zri.5  alloy  after  aging  at  treated  at  1  bO  "C  (/)  and  1 125  T  (2). 

800  T  for  24  h  and  slow  cooling. 

We  have  found  that  in  Pr-substituted  alloys  Zr  tends  to  form  phases  with  Co.  Figure  9  shows  SEM 
microstructures  of  as-solution-treated  alloys  with  2  at,%  Zr  and  Pr  substitution  for  Sm.  The  bright 
rare-earth-rich  areas  were  found  to  be  greatly  enriched  with  Pr  and  Cu.  It  can  be  seen  that  these  areas 
are  not  uniform;  compositions  determined  by  EDS  varied  from  (Sm,Pr,Zr)2(Co,Fe,Cu)7  to  binary 
PrCu.  The  dark,  distinctly  shaped  precipitates  were  identified  as  Zr(,(Co,Fe)23  and  Zr(Co,Fe)2.  The 
formation  and  growth  of  the  Zr-rich  phases  seem  to  be  promoted  by  the  (Pr,Cu)-rich  phases.  To 
avoid  formation  of  the  undesirable  Zr-rich  phases,  the  Zr  content  was  limited  to  1 .5  at.%. 


Figure  9  Backscattered  SEM  images  of  (a)  (Smu.sPnuln.stConjFeo.^W.^EaftZr:  and 
(b)  (Sm(,,6Pro.4)ii(CO(5,-Fe(i,3)s2Cu5Zr2  alloys  after  solution  treatment  at  1 150  T. 


Generally  somewhat  different  heat  treatments  are  needed  to  achieve  the  largest  He  and 
Figure  10  summarizes  the  properties  of  the  Pr-substituted  magnets  heat  treated  for  the  largest 
Replacing  23  at.%  Sm  by  Pr  allowed  us  to  increase  {BH)m  from  30  to  33  MGOe  (up  to  34  MGOe  in 
selected  samples)  preserving  the  intrinsic  coercivity  of  17-19  kOe.  TEM  images  of  cellular  stmctiire 
in  the  magnets  with  zero,  optimum  and  excessive  Pr  substitutions  (Figure  11)  reveal  no  significant 
differences.  We  must  assume,  therefore,  that  in  the  optimized  magnets,  the  observed  effect  of  Pr  is 
merely  associated  with  the  change  of  phase  properties.  Even  without  a  clear  understanding  of  the 
coercivity  mechanism,  one  can  connect  the  rise  of  {BH)m  and  the  corresponding  decline  of  with 
the  beneficial  effect  of  Pr  on  the  saturation  magnetizations  of  both  the  2:17  and  1:5  phases  and  its 

dctiiiiicntul  effeut  uii  the  inagnctociystallinc  anisotropies  of  these  phases. 
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Figure  1 0  Effect  of  Pr  substitution  for  Sm  in 
(Smi.„Pr„.)i  i(Coo.72Fe(,,:s)x2Cu5,5Zri.5  on 
(a)  maximum  energy  product,  (b)  intrinsic  coercivin 
and  (c)  magnetization  at  15  kOe  (/)  and  at  the 
remanence  (2). 


Figure  ]  I  TEM  images  of  optimally  heat-treated 
( Sm  1  Pr„ ) j  I  ( C'0(i  Fcn  :s  )v;C u,^  ^Zi'i  5  al loys  with 
(a)  H- “  0.  (b)  tr  -  0.23.  (a)  ir  =  0.36. 


2  Coercivity  studies 

2. 1  High-temperature  measurements 

The  high-temperature  peak  of  coercivity  can  be  observed  in  many  R-(\>-Cu  based  systems  having 
the  typical  microstmeture  of  2:17  cells  surrounded  by  1:5  cell  boundaries  [3,4.13,14,23].  It  is  now 
more  or  less  accepted  that  this  phenomenon  is  caused  by  a  loss  of  ferromagnetic  ordering  in  the  1:5 
phase,  which  makes  the  2:17  cells  magnetically  insulated  with  their  coercivity  controlled  by  a 
magnetization  rotation  [3]  or  by  nucleation  of  revered  magnetic  domains  [13.14.24].  Recently  we 
have  studied  the  evolution  of  remanence  behaviour  for  the  Sm(Coo,74Feo.iCii(),i:Zr{).o4)7  magnet  with 
the  anomalous  temperature  behaviour  of  coercivity  (see  Figure  12a).  The  remanence  behaviour  was 
analyzed  via  the  so-called  5M  plot: 


(1) 

where  Mr{H)  and  Md(/7)  are  the  remanent  magnetizations  after  magnetizing  with  +H  field  and 
demagnetizing  with  -H  field,  respectively.  In  particulate  media  studies,  the  non-zero  hM  values  are 
associated  with  positive  or  negative  interactions  between  the  particles.  When  studying  continuous 
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granular  ferromagnets,  5M  >  0  is  usually  thought  to  indicate  the  predominant  exchange  interaction 
between  the  grains,  while  5M<  0  -  the  predominant  magnetostatic  (dipole)  interaction.  Figure  12b 
shows  that  heating  the  sample  above  the  certain  critical  temperature  results  in  the  transition  from  BM 
>  0  to  BM  <  0.  One  can  suggest  that  the  critical  temperature  is  the  Curie  temperature  of  the  1 :5  phase; 
BM  >  0  represents  a  continuous  ferromagnet  with  exchange  coupled  2:17  and  1:5  phases,  while  BM  < 
0  represents  insulated  2:17  cells  interacting  only  magnetostatically.  In  many  Wlk-hardened  2:17 
magnets,  the  1:5  cell-boundary  layers  are  only  4-5  nm  thick,  but  recent  calculations  by  Skomski  et  al. 
[25]  confirm  that  a  paramagnetic  layer  only  a  few  interatomic  distances  thick  can  provide  a  nearly 
complete  exchange  decoupling.  If  our  analysis  is  correct,  at  room  temperature,  the  bulk-hardened 
2: 17  magnets  are  a  type  of  anisotropic  nanocomposites  with  both  the  constituent  phases  magnetically 
hard  and  all  the  easy  magnetization  directions  parallel  to  each  other.  Due  to  the  latter  no  remanence 
enhancement  (which  is  typical  for  the  isotropic  exchange-coupled  magnets)  can  be  expected. 


Figure  12  (a)  Temperature  dependence  of  coercivity  and  (b)  BM  plots  at  25  (1),  250  (2)  and  500  (3)  ‘’C  for 
Sm(Coo74Feo.iCu„,i2Zro.o4)-  magnet. 

Magnetic  viscosity  studies  by  Panagiotopoulos  et  al,  [26]  showed  a  drastic  increase  of  the 
activation  volume  above  the  Curie  temperature  of  the  1 :5  phase.  This  was  interpreted  by  the  authors 
as  an  indication  of  a  transition  from  a  pinning-type  hardening  at  low  temperatures  to  a  nucleatioo- 

type  at  high  temperatures 

2.2  Structure  evolution  during  heat  treatment 

In  the  case  of  "precipitation-hardened"  2:17  magnets,  the  nearly  similar  compositions  of  the 
magnets  and  the  cell-interior  phase  sometimes  leads  to  the  mistaken  opinion  that  the  precipitating 
phase  is  the  cell-boundary  phase.  In  fact,  however,  it  is  the  rhombohedral  cell-interior  phase  (2:17R) 
which  precipitates  from  the  off-stoichiometric  1:5  solid  solution  leaving  the  remaining  matrix  phase 
to  form  ceil  boundaries  with  the  "more  stoichiometric"  1:5  composition.  Therefore,  the  entire 
miicrostructure  evolution  in  the  2:17  magnets  is  driven  by  the  hexagonal  ->  rhombohedral  ordering 
transformation. 

In  an  attempt  to  examine  the  stmcture  evolution  in  a  typical  2:17  magnet  by  Mossbauer 
spectroscopy,  we  replaced  part  of  the  Fe  in  the  cast  Smi().75(Coo,:^Feo.3)82Cii5.5Zri  .75  magnet  by  the  Fe''"  ' 
isotope.  Samples  of  the  magnet  were  studied  at  three  different  stages  of  the  heat  treatment  and  the 
results  are  shown  in  Table  I.  The  Mossbauer  data  suggest  that  about  half  of  the  Fe  atoms  are  still 
present  in  the  hexagonal  cell-boundary  phase  by  the  end  of  isothermal  aging. 

Since  the  solution-treated  alloys  possess  the  off-stoichiomeinc  1 :5  structure,  we  can  start  from  the 
pure  SmCos  phase  and  name  three  factors  needed  to  obtain  the  2: 17-type  magnet.  The  first  factor,  of 
course,  is  the  deviation  from  the  1:5  stoichiometry  [i.e.  Sm  content  less  than  16.7  at.ff).  The  second 
factor  is  the  presence  of  Cu  and  the  third  one  is  the  presence  of  Zr.  The  latter  effectively  suppresses 
the  ton-nation  of  the  rhombohedral  2:17  phase  in  solution-treated  samples  and  makes  it  possible  to 
achieve  a  disordered  hexagonal  structure  with  significant  deviations  from  the  1:5  stoichiometiw  [27]. 
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The  presence  of  Fe  in  the  2:17  magnets  is  favorable,  but  not  necessary  for  the  magnetic  hardening.  In 
order  to  better  understand  the  structure  evolution  in  the  bulk-hardened  2:17  alloys,  we  studied  the 
individual  and  combined  effects  of  the  above  three  factors.  The  off-stoichiometric  Smis.sCos^.s  alloy 
and  a  number  of  its  derivatives  with  Zr  substitution  for  Sm  and  Cu  substitution  for  Co  (c.g., 
Smi2Zr3.5Co84.5,  Smi5.5Co7:  5Cui2  and  Srni2Zr3.5Co72.5Cui2)  were  solution  treated  at  1050  -  1150  T, 
aged  at  850  and  slowly  cooled  to  350  °C.  During  this  heat  treatment  we  monitored  changes  in  the 
structure,  thennomagneiic  and  hard  magnetic  properties  of  the  samples.  Before  aging  all  the  alloys 
had  a  single-phase  hexagonal  1 :5  structure  and  a  single  Curie  temperature.  Aging  at  850  “C  led  to  the 
formation  of  the  second  phase,  2:17R,  and  changed  the  properties  of  the  original  1:5  phase.  These 
changes  are  shown  in  Figure  13. 

Table  1  Cocrcivity,  M6s.*;bauer  parameters  and  estimated  percentage  ofFe  atoms  in  the  hexagonal  and  rhombohedral 
2:17  phases  for  the  SmKjj^tCoD.-Feii.OwCus  ^Zri.:.?  alloy  at  different  stages  of  heat  treatment. 


Alloy  state 

(kOe) 

Parameters 

!  Atomic  sites 

Fe  atoms  in 

6c  1 

6c2 

9d 

18/7 

18/' 

2:17H 

2:17R 

Solution- 
treated 
at  1175  "C 

0.3 

5  (mm/s) 

0.1 

0.14 

-0.06 

-0.07 

-0.05 

>  90% 

//cirdcOe) 

329 

345 

283 

270 

270 

A£o  fmm/s) 

0.08 

0.04 

-0.66 

-0.75 

0.23 

Mi  (kG) 

3 

1 

5 

11 

16 

% 

11 

7 

21 

18 

43 

Aged 
at  80()  T 

0.7 

6  (mm./s) 

0.08 

0.09 

-0.07 

-0.06 

-0.05 

50% 

50% 

W.n(kOc) 

336 

337 

290 

276 

273 

A£u  (mm/s) 

0.04 

0.06 

-0.64 

-0.07 

0.26 

^H{VG) 

6 

6 

4 

5 

17 

% 

11 

11 

18 

17 

42 

Slowly 
cooled 
from  800  T 

1 _ 

24.8  j 
1 
[ 

6  (mm/s) 

0.08 

0.15 

-0.05 

-0.04 

-0.04 

25% 

75% 

7/dr(kOc) 

334 

348 

294 

280 

276 

A^o  (mm/s) 

0.08 

0.02 

-0.66 

-0.68 

0.26 

^H{VG) 

4 

2 

5 

4 

16 

% 

13 

9 

19 

18 

41 

In  the  binary  Smj5.5Cos4..^  alloy,  the  properties  of  the  1:5  phase  rapidly  approach  those  of  the 
stoichiometric  SmCos:  phase  separation  occurs  via  a  nuclealion  and  growth  of  the  incoherent  2:17R 
precipitates  [28]  and  no  cellular  stnicture  forms.  In  Zr(Cu)-subsiiiuied  alloys,  the  phase  separation 
occurs  via  coherent  2:17R  precipitates  [28];  the  lattice  parameters  and  Curie  temperature  change 
gradually  and  TEM  reveals  the  cellular  2:17  /  1;5  microstructure.  Unexpectedly,  the  7c  of  the  alloys 
substituted  with  both  Zr  and  Cu  was  found  to  rise  during  isothermal  aging  (see  Sm12Zr3.5C072.5Cu  12 
in  Figure  13).  This  must  reflect  more  complex  compositional  changes  than  just  an  increase  in  the  Sm 
content  as  approaching  the  1 :5  stoichiometiy'. 

The  cellular  microsiructure  is  not  the  only  condition  for  developing  the  high  coercivity.  Only 
alloys  containing  a  sufficient  amount  of  Cu  show  magnetic  hardening  during  the  slow  cooling 
(Figure  14).  Alloys  with  different  amount  of  Cu  -  Sm12Zr3.5C072.5Cuq  and  Sm12Zr3.5C072.5Cu  12  -  show 
ver\'  different  coercivities  (5  and  12.5  kOe,  respectively)  after  the  slow'  cooling,  despite  very  similar 
microstructure  (Figure  15).  As  the  Smi2Zr3.5Co72.5Cui2  alloy  is  slow'ly  cooled,  the  7c  of  the  1:5  phase 
present  in  the  alloy  decreases  significantly.  At  the  first  sight,  this  is  consistent  with  the  model  which 
connects  the  magnetic  hardening  wdth  the  redistribution  of  Cu  between  the  2:17  and  1:5  phases. 
More  detailed  analysis,  however,  reveals  certain  discrepancies.  First,  we  observe  no  changes  in  the 
Curie  temperature  of  the  2:17  phase.  Those  changes  must  occur  as  the  phase  looses  Cu,  but  possibly 
they  are  simply  too  small  to  notice:  Second,  the  increase  of  coercivity'  mostly  occurs  not  w'hen  the  7c 
of  the  1;5  phase  decreases,  but  after  it  "stabilizes".  In  order  to  illustrate  the  latter  point,  Figure  16 
show's  the  M(H)  and  M(T)  curves  of  the  Smi2Zr3.5Co72.5Cui2  alloy  after  partial  and  complete  slow' 
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cooling.  One  can  see  that  a  significant  change  in  the  alloy  coercivity  is  not  accompanied  by  any 
noticeable  changes  in  the  Curie  temperatures:  It  is,  therefore,  possible  that  the  high  coercivity 
develops  in  the  alloy  as  a  result  of  a  low-temperature  aging  after  the  cooling-induced  compositional 
changes.  These  results  suggest  that  a  full  understanding  of  magnetic  hardening  in  2:17  magnets 
requires  more  careful  attention  to  the  magnetic  hardening  behaviour  of  Sm(Co,Cu)5  cell-boundary 
phase. 


Figure  13  Effect  of  aging  at  850  ''C  on  (a)  da  ratio  and 
(b)  Curie  temperature  of  the  1 :5-t\  pe  phase  in  the  alloys 
whose  compositions  were  derived  from  Smi5,5Co84.5  by 
Zr  substitution  for  Sm  and  or  Cu  substitution  for  Co. 


Quenching  temperature  {°C) 

Figure  14  Values  of  (a)  Curie  temperature  and  (b) 
coercivity  of  Smi2Zr3.5Co84.5  (/),  Sm12Zr3.5C072.5Cu9  (2) 
and  Smi2Zr3.5Co72.5Cui3  (J)  alloys  quenched  from 
different  temperatures  during  the  slow  cooling  after 
being  aged  at  850  for  24  h.  TqS  of  the  2:17  phases 
are  shown  with  dotted  lines. 


Figure  15  TEM  images  of  the  cellular  2:17/1 :5  microstructure  in  fully  heat-treated  (a)  Sm^Zr^  ^Coi^  jClkj  and 

(b)  SlTl!2Zr3  5C072.5CUi2. 

Unfortunately,  it  is  not  easy  to  estimate  to  which  extent  the  M(T)  experiment  itself  modifies  the 
microstructure  and/or  the  microchemistry  of  the  alloys,  i.e.  to  which  extent  the  data  in  Figure  16b 
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correspond  to  those  in  Figure  1 6a.  A  simple  remeasurement  of  the  room-temperature  M{H)  curves  is 
not  a  solution,  because  cooling  in  the  M(T)  experiment  is  relatively  slow.  Nevertheless  even  after  that 
cooling  the  samples  1  and  2  from  Figure  16b  still  show  a  significant  difference  in  the  room- 
temperature  coercivity. 


Figure  16  (a)  Room-temperature  demagnetization  curves  and  (b)  heating  M{T)  curves  at  1  kOe  for  Sm!2Zr3,5Co72.5Cui2 
samples  aged  at  850  ”C  for  24  h  and  slowly  cooled  to  550  ( 1 )  and  350  (2)  T. 

It  is  very  important  that  in  our  study,  the  1:5  phase  has  been  traced  by  its  lattice  and 
thermomagnetic  characteristics  throughout  the  whole  heat  treatment  -  from  the  solution  state  to  the 
state  with  high  coercivity.  These  results  strongly  suggest  that  the  1:5  phase  does  not  appear  during 
the  slow  cooling  as  suggested  in  [6,8]. 

In  the  work  by  Xiong  et  aL  [8],  the  structure  evolution  in  the  Sm(Co().72Feo.2Cuo.o55Zro.o25)7.5 
magnet  has  been  studied  with  a  three-dimensional  atom  probe.  The  results  also  support  the  traditional 
view  that  the  cell  boundaiy'  phase  has  the  1 :5  structure  not  after,  but  before  the  slow  cooling.  The 
study  confirms  our  earlier  finding  [29]  that  the  triple  junctions  of  the  1 :5  cell-boundary  phase  are 
almost  twice  richer  in  Cu  than  the  narrow  regions  of  this  phase.  In  addition  to  diffusion  of  Cu  into 
the  cell-boundaries  at  the  slow-cooling  stage,  the  authors  obser\'ed  a  diffusion  of  Zr  and  Sm 
respectively  into  and  out  of  the  lamellar  phase.  By  the  end  of  the  slow-  cooling,  the  latter  is  nearly 
Sm-free  Zr(Co,Fe)3  with  the  Be.iNb  structure. 

2.3  Coercivin^  mechanisms 

While  there  seems  to  be  a  general  agreement  on  the  coercivity  mechanism  of  the  2:17  magnets 
above  the  Curie  temperature  of  the  grain-boundary^  phase  (nucleation),  the  room-temperature 
magnetization  reversal  remains  disputable. 

The  repulsive  pinning  model  (Figure  la),  in  which  yi;5  >  72.17  (7  is  the  domain  wall  energy  for  the 
corresponding  phase)  is  based  on  the  studies  of  microchemistry  of  the  heat-treated  magnets  [7,30].  It 
cannot,  however,  explain  why  the  coercivity  appears  (or  greatly  increases)  during  the  slow  cooling, 
when  the  diffusion  of  Cu  from  2:17  into  1:5  leads  to  an  increase  in  72:17  and  decrease  in  71:5.  The 
suggestion  that  the  1 :5  phase  itself  forms  only  at  the  slow-cooling  stage  [7],  as  we  just  showed, 
disagrees  with  a  number  of  experimental  results.  In  attempt  to  resolve  this  inconsistency,  Xiong  et  al. 
[8]  suggested  that  domain  walls  are  attracted  by  the  Cu-rich  layers  of  the  2:17  phase  (the  K\  minima 
in  Figure  la).  In  our  opinion,  however,  the  experimental  results  they  presented  do  not  show 
significant  changes  of  the  Cu  content  in  those  layers  upon  the  slow  cooling. 

The  simplest  attractive  pinning  model  (Figure  Ic)  with  71:5  <  72:17  is  consistent  with  the  Cu 
diffusion,  but  not  consistent  with  the  latest  microchemical  studies  [7,30].  The  model  proposed  by 
Yan  et  al  [9]  (Figure  lb;  repulsive  pinning  at  the  Cu-poor  outer  layers  of  the  1:5  phase)  is  based  on 
the  microchemical  data  which  are  highly  different  from  those  reported  in  [7,30]  and  have  to  be 
confirmed.  Finally,  our  earlier  model  [13],  which  relates  the  room  temperature  coercivity  to  eithor 
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nucleation  or  attractive  pinning  (depending  on  the  amount  of  Cu  in  the  cell  boundaries  after  a  fijll 
heat  treament),  is  also  lacking  solid  microchemical  evidences. 

Recently  there  has  been  a  trend  [8,9,13,29]  to  pay  more  attention  to  the  internal  structure  of  the 
Sm(Co,Cu)5  cell-boundary  phase  -  the  phase  related  to  the  whole  history  of  the  bulk-hardened 
magnets  [10].  It  is  quite  possible  that  this  history  will  eventually  make  a  full  circle  explaining  the 
coercivity  of  the  2: 17  magnet  via  the  understanding  of  the  coercivity  of  bulk  Sm(Co,Cu)5  magnets. 
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Fully  Dense  Bulk  Nanocomposites  of 
(Sm^— xGdx)2(Coi_yFey)27-|-(Co,  Fe) 
With  High  Coercivity  and  High 
Curie  Temperature 

Christina  H.  Chen,  Don  Lee,  Sam  Liu,  Michael  H.  Walmer,  Yong  Zhang,  and  George  C.  Hadjipanayis 


Abstract — Fully  dense  nanocomposites  of  (Smi  „xGdx)2  (Coi_y 
Fey)2;i7  phase  +  Co/Fe  were  obtained  by  hot  pressing  the  amor¬ 
phous  powders  at  740  °~760  ®C.  Amorphous  powders  were  made 
by  mechanical  alloying.  Up  to  14  kOe  of  Coercivity  was  obtained 
for  these  Cu  and  Zr  free  nanocomposites.  X-ray  diffraction  pat¬ 
terns  confirm  the  status  of  amorphous  powder  and  crystallized 
structure  after  annealing  at  750-^25  ®  C.  Transmission  electron  mi¬ 
croscopy  image  shows  that  the  sizes  of  crystals  were  in  the  range 
of  several  nm  to  100  nm.  These  fully  dense  nanocomposites  have 
Curie  temperatures  higher  than  900  °C  and  lower  temperature 
coefficient  of  magnetization,  which  would  make  them  ideal  candi¬ 
dates  for  temperature  compensated  permanent  magnets. 

Index  Terms — Curie  temperature,  full  density,  nanocomposites 
magnets,  Sm-Co  rare  earth  magnets,  temperature  coefficient. 

1.  Introduction 

The  Sm2Coi7-based  magnets  were  an  outgrowth  of  the  in¬ 
vestigation  of  R2(Co,  Fe)i7  alloys  in  1972  [1].  A  technique 
was  developed  in  1975-1977  [2]-[4]  for  manufacturing  sinterai 
2:17  type  magnets,  which  included  adding  Cu  and  Zr  for  pur¬ 
poses  of  magnetic  precipitation  hardening  through  a  compli¬ 
cated  heat  treatment  to  achieve  high  coercivity.During  tlie  pre¬ 
cipitation,  a  unique  cellular  and  lamellar  microstructure  with 
2:17  cells,  1 :5  cell  boundaries,  and  Zr  rich  lamellar  were  formed 
[5]-[7].  This  technique  has  been  used  for  tlie  commercial  pro¬ 
duction  of  2:17  type  magnets  since  then  [8]-[ll]. 

It  is  anticipated  that  different  methods  can  be  established  to 
make  Sm2(Co,  Fe)i7  magnets  with  (BH)max  of  40  MGOe  and 
acceptable  Hci,  while  eliminating  the  addition  of  nonmagnetic 
elements,  such  as  Cu  and  Zr  [12].  High  coercivity  values  for 
nanocomposite  Sm2Coi7/Co  powder  made  by  using  mechanical 
alloying  have  been  reported  since  1996  [13],  [14]. 

It  is  well  known  that  the  substitution  of  heavy  rare  earth 
metals  for  Sm  results  in  temperature  compensated  (TC) 
magnets  for  special  applications.  TC  magnets  have  smaller 
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temperature  coefficient  of  magnetization  and  lower  magneti¬ 
zation  compared  to  the  normal  Sm-Co  2:17  magnets,  since 
the  magnetic  moment  of  heavy  rare  earth  metal  (such  as  Gd, 
Tb,  Dy,  Ho,  and  Er)  couples  antiparallel  to  the  moment  of 
transition  metals  (referring  as  the  ferrimagnetic  coupling).  TC 
magnets  with  near  “zero”  temperature  coefficient  of  Br  have 
been  producing  since  1974,  and  it  is  our  desire  to  develop 
better  performance  TC  magnets  with  higher  energy  product  for 
special  applications. 

The  work  reported  here  is  one  of  our  efforts  to  make  2:17 
type  magnets  with  high  coercivity  without  additions  of  Cu,  Zr, 
or  other  nonmagnetic  elements. 

II.  Experi.mental  Method 

SmCos,  GdCos,  SmCoja,  and  Sm(Co  5Fe,5)i3  alloys  were 
mixed  in  certain  ratios  and  milled  witf!  SPEX  8000  mixer/mill. 
(Smi_xGdx)  (Coi_yFey)z  amorphous  powders  were  formed 
after  milling  for  8-16  h.  Some  powders  were  annealed  at 
775-825  °C,  and  some  were  hot  pressed  at  740-760  °C  for  1-2 
min.  Hot  pressed  magnets  weighed  10-12  g  for  each.  Some 
hot  pressed  samples  were  then  hot  deformed  at  950  to  1000°C 
with  60%  deformation  in  order  to  achieve  crystal  orientation. 
KJS  Hysteresigraph  was  used  for  magnetic  characterization  at 
temperatures  <300  °C,  and  the  Lakeshore  Vibrating  Sample 
Magnetometer  (VSM)  was  used  for  determining  temperature 
coefficients  of  magnetization  4  ttM  and  Curie  temperatures  at 
temperature  up  to  930  °C. 

X-ray  diffraction  (XRD)  was  used  to  analyze  the  powders 
as  milled  and  as  annealed.  Transmission  electron  microscopy 
(TEM)  was  used  to  observe  microstructures  of  hot  pressed 
sample. 

III.  Results  and  Discussions 

Fully  dense  nanocomposite  magnets  with  density  of 
8.35-8.70  g/cm^  were  obtained  by  hot  pressing  at  740-760 
°C  for  1-2  min.  Coercivity  Hci  up  to  14  kOe  was  obtained. 
This  marks  the  first  time  that  the  fully  dense  Sm-Co/Fe 

fiannrnmpnQifp  \x/Eh  high  coercivity  is  reported.  Fig.  1  showo 

the  curves  of  magnetization  (4  ttM)  versus  magnetic  field  (H) 
for  as-milled  powder  and  as-hot-pressed  nanocomposite  of 
SmCo9.4.  Tlie  coercivity  Hci  was  2.6  kOe  for  the  as-milled 
powder,  and  13.9  kOe  for  hot  pressed  nanocomposite.  Fig.  2 
displays  the  XRD  patterns  for  the  powders  as  milled  and  as 


0018-9464/04$20.00  ©  2004  IEEE 


29S8 


IEEE  TRANSACTIONS  ON  MAGNETICS,  VOL.  40,  NO.  4,  JULY  2im 


Maanetie  Field, 

Fig.  1,  Magnetization  4  wM  versus  magnetic  field  H. 
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Fig.  2.  XDR  patterns  of  SmCoo.4  powders:  ('Fop)  Mostly  amorphous  for 
as-milled.  (Middle)  Crystalline  2:17  +  Co  for  annealed.  (Bottom)  Reference 
pcU terns  of  rhombohedral  SniiCoir  and  FCC  Co. 

annealed.  The  XRD  patterns  for  Co  FCC  phase  and  Sm-Co 
2:17  phase  are  also  shown  in  Fig.  2  as  rcfaences.  The  XRD 
patterns  indicated  that  the  as-milled  powder  was  mostly  in 
amorphous  condition,  and  the  annealed  powder  had  the  2:17 
phase  and  a  Co  phase.  Fig.  3  is  the  TEM  image  for  the  hot 
pressed  specimen,  which  shows  that  tlie  sizes  of  crystals  were 
in  the  range  of  several  iim  to  about  100  nm, 

Fig,  4  shows  the  curves  of  4  ttM  versus  II  for  the  hot  pressed 
nanocomposites  of  Sm.saGd.itsCos.go  and  Sm.i7Gd,83Co8.95« 
The  two  curves  shown  in  the  ligurc  had  Ilci  =  10.25  and  6.2 
kOe,  respectively.Since  these  magnets  were  isotropic  or  unori¬ 
ented,  the  values  of  saturation  4  ttM  are  relatively  low,  with  7.5 
and  6.9  kG,  respectively. 

As  Fig.  5  shows,  these  nanocomposite  magnets  have  two  dis¬ 
tinct  T,,  points,  with  T,i  ^  900^0  and  Tc2  >  930  °C.  Due 
to  the  temperature  limitation  of  the  VSM,  the  Tc2  can  be  only 


Fig.  3.  TEM  microstructiire  for  the  annealed  powder. 
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Fig.  4.  4  ttM  versus  field  H  for  the  hot  pressed  nanocomposites. 


Temperature  (X) 

Fig.  5.  Curie  temperature  mea,s'urement:  1\.  >  000  ^’C. 

determined  to  be  higher  thmi  930  ""C,  since  the  4  ttM  values  are 
about  1  kG  at  930  °C.  Two  points  show  the  presence  of  two 
distinct  phases  of  2: 17  and  cobalt. 

These  nanocomposite  magnets  also  have  lower  temperature 
coefficient,  a,  of  4  ttM,  compared  to  tliat  of  the  conventional 
2:17  sintered  magnets.  Fig.  6  shows  the  comparison  of  the 
fully  dense  (Sm,  Gd)-Co  nanocomposite  and  the  conventional 
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Fig.  6.  Temperature  c^ffidents  of  the  4  rM  for  the  fully  dense 
iianocon'|»site  and  conventional  2:17  magnet. 


TABLE  I 

Magnuhc  Properties  of  Some  Nanocomposite  MAGNm's 


4itM@t§ko» 

Br 

mH| 

(kG) 

{kG) 

(kOe) 

(MGOe) 

(Sm  7Gd,83}Co9,o 

6.8 

5.40 

6.6 

6.0 

(Sm  ggGd  i4)Co8  8 

7.4 

6.20 

10.3 

8.4 

Sm{Co.83Fei2)8.6 

8.3 

6.81 

10.4 

10.1 

Sm{Co.g5Fei5)9.o 

9.1 

7.48 

86 

12.3 

Sm(Co.75Fe25)9.o 

9.2 

7.36 

7.5 

11.1 

SmCo9.4 

8.7 

7.70 

13.8 

9.1 

SmCo9.9(0%>1.2%) 

9.4 

7.00 

65 

7.0 

Sm-Co  magnets.  The  high  Tc  and  low  temperature  coefficient 
make  these  nanocomposites  good  candidates  for  high  tempera¬ 
ture  applications. 

Table  I  shows  magnetic  properties  for  some  nanocomposite 
magnets  of  (Smi„x  Gdx)2(Coi_yFey)z.  The  range  of  x  is  0  to 
0.88,  and  the  range  of  y  is  0  to  0.25.  The  soft  phase  of  Co/Fe 
should  be  1%  for  z  =  8.6,5%  for  z  9.0,  and  12.8%  for 
Z  9.9. 

It  was  anticipated  to  form  anisotropic  nanocomposites  with 
mechanical  deformation,  as  previous  paper  reported  for  the 
nanocomposite  magnets  of  Nd-Fe-B/Fe,  Co  [15].  However, 
our  preliminary  results  for  three  samples  with  60%  deformation 
did  not  show  any  advantage  of  this  technique.  After  60% 
deformation,  the  coercivity  was  decreased  due  to  grain  growth, 
and  the  magnetization  of  tlie  magnet  was  actually  unchanged. 
It  seems  that  the  2:17  hexagonal  and/or  rhombohedral  crystals 
would  not  form  texture  as  2:14:1  tetragonal  crystals  would  do 
when  mechanical  deformation  occurs. 

IV.  Conclusion  and  Further  Work 

In  conclusion,  fully  dense  nanocomposite  magnets  of 
(Smi_xGdx)2  (Coi-yFey)i7-f Co/Fe  can  be  obtainerl  by  hot 


pressing  the  amorphous  powder.  These  Cu  and  Zr  free,  ihily 
dense  nanocomposites  have  reasonable  high  coercivity  with 
Hci  =  6-14  kOe.  Tliese  magnets  also  have  Curie  temperature 
higher  than  900  '^C,  and  small  temperature  coefficient  of 
magnetization,  which  would  make  theni  ideal  candidates  for 
temperature  compensated  permanent  magnets. 

The  further  effort  would  include  controlling  oxygen  content 
of  amorphous  powder,  producing  amorphous  powder  in  large 
scale,  and  making  anisotropic  nanocomposite  magnets  with 
high  energy. 

Acknowledgment 

The  authors  are  grateful  to  Eh*.  V.M.  Browning  of  DARPA 
and  Dr.  R.T.  Fingers  and  Mr.  E.M.  Gregory  of  AFRL  for  their 
support. 

References 

[1]  A.  E.  Ray  and  K.  .1.  Stmat,  ‘Ttasy  directions  of  magnetizatioii  in  teniaryE’ 
IEEE  Trans.  Magn.,  vol.  MAG-8,  p.  516,  1972. 

[2]  A.  J.  Perry  and  A.  Meiith,  “Permanent  magnets  based  on  Sm(Co,  Cu, 
Fe)z,”  IEEE  Trans.  Magn.,  vol.  MAG- 11,  p.  i423,  1973. 

[3]  Y.  Tawara  and  K.  Strnat,  “Rare  earth  cobalt  permanent  magnets  near  the 
2:17  composition,”  IEEE  Trans.  Magn.,  vol.  MAG- 12,  p.  954,  1976. 

[4]  T.  Ojima,  S.  Tbmizawa,  T.  Yoneyama,  and  T  Hori,  “Magnetic  properties 
of  a  new  type  of  rare  earth  magnets  Sm2(Co,Cu,Fe,M)17,”  IEEE  Trans'. 
Magn.,  vol.  MAG- 13,  p.  1317,  1977. 

[5]  J.  Fidler,  P.  Skalicky,  and  F.  Rothwarf,  “High  resolution  electron  mi¬ 
croscope  study  of  Sm(Co,Fe,Cu,Zr)  magnets,”  IEEE  Trans.  Magn.,  vol. 
MAG-19,  p.  2041,  1983. 

[Q  A.  E.  Ray,  W.  Soffa,  J.  Blachere,  and  B.  Zhang,  “Cellular  microstructure 
development  in  Sm(Co,Fe,Cu,Zr)8.35  alloys,”  IEEE  Trans.  Magn.,  vol. 
MAG-23,  p.  2711,  1987. 

[7]  G.  C.  Hadjipanayis,  W.  Tang,  Y.  Zhang,  S.  T.  Chui,  J.  F.  Liu,  C.  Chen,  and 
H.  Kronmueller,  “High  temperature  2:17  magnets:  relationship  of  mag¬ 
netic  properties  to  microstmcture  and  processing,”  IEEE  Trans.  Magn. , 
vol.  36,  p.  3382,  Sept.  2000. 

[8]  A.  E.  Ray,  “A  revised  model  for  the  metallurgical  behavior  of  2:17  type 
permanent  magnet  alloys,”  J.  Appl.  Phys.,  vol  67,  no.  9,  p.  4972,  1990. 

[9]  B.  M.  Ma,  Y.  L.  Liang,  J.  Patel,  D.  Scott,  and  C.  O.  Bounds,  “The  ef¬ 
fect  of  Fe  content  on  the  temperature  dependent  magnetic  properties 
of  Sm(Co,Fe,Cu,Zr)z  and  SmCo5  sintered  magnets  at  450°  C,”  IEEE 
Trans.  Magn.,  vol.  32,  p.  4377,  1996. 

[10]  C.  H.  Chen,  M.  S.  Walmer,  M.  H.  Walmer,  S.  Liu,  G.  E.  Kuhl,  and  G. 
Simon,  “Sm2(Co,Fe,Cu,Zr)17  magnets  for  use  at  temperature  400°  C,” 

J.  Appl.  Phys.,  vol.  83,  p.  6706,  1998. 

[11]  M.  S.  Walmer,  C.  H.  Chen,  M.  H.  Walmer,  S.  Liu,  and  G.  E.  Kuhl,  “A  new 
class  of  Sm2TM17  magnets  with  operating  temperature  up  to  5.50° C,” 
IEEE  Trans.  Magn.,  vol.  36,  p.  3376,  Sept.  2000. 

[12]  C.  Chen,  S.  Kodat,  M.  H.  Walmer,  S.-F.  Cheng,  M.  A.  Willard,  and  V.  G. 
Harris,  “The  effects  of  grain  size  and  morphology  on  the  coercivity  of 
Sm2(Col-xFex)17  based  powders  and  spin  cast  ribbons,”  J.  Appl.  Phy.s. , 
vol.  93,  no.  10,  p.  7966,  2003. 

[13]  S.  K.  Chen,  J.  L.  Tsai,  and  T.  S.  Chin,  “Nanocomposite  Sm2Col7/Co 
permanent  magnets  by  mechanical  alloying,”  J.  Appl.  Phys.,  vol  79  p 
5964,  1996. 

[14]  B.  Z.  Cui,  M.  Q.  Huang,  and  S.  Liu,  “Magnetic  properties  of 
(Nd,Pr,Dy)2Fel4B/a-Fe  nanocomposite  magnets  crystallized  in  a 
magnetic  field,”  IEEE  Trans.  Magn.,  vol  39,  p.  2866,  Sept.  2003. 

[15]  D.  Lee,  J.  S.  Hilton,  S.  Liu,  Y.  Zhang,  G.  C.  Hadjipanayis,  and 

C.  II.  Oiion,  “Hot  pi  oooc-U  o-iiU  vJIv.  .foi  aioU  iiainjouilip<.J.5itC 

(Nd,Pr,Dy)2Fel4B/a-Fe  based  magnets,”  IEEE  Trans.  Maqn.. 
vol.  39,  p.  2947,  Sept.  2003. 


2904 


IEEE  TRANSACTIONS  ON  MAGNETICS,  VOL.  40,  NO.  4,  JULY  20m 
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Rare-Earth  Magnets 
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Abstract — Bulk,  isotropic  and  anisotropic  nanocomposite 
magnets  of  (Nd,Pr,Dy)a,Feioo-a:-y-z-tz-T.COyAl^GaitB^  with 
X  =  8-11.6,  y  =  6-6.3,  =  0-0.2,  u  =  0-0.2,  and  v  =  5,6-10.0 

were  prepared  and  their  magnetic  properties  as  functions  of 
rare-earth  content,  hot  press  temperature,  and  hot-deformation 
amount  were  investigated.  For  isotropic  nanocomposite  magnets, 
the  best  (BH)max  of  16.2  MGOe  was  obtained  when  hot  pressing 
Nd9.3Pro, sllyo. 2^677.7003, 3 Alo.2Grao,2B5.e  at  660  °C.  The 
magnetic  performance  of  anisotropic  nanocomposite  magnets  is 
strongly  dependent  on  the  rare-earth  content  and  the  hot  defor¬ 
mation  amount.  The  best  (BH)max  of  42  MGOe  was  achieved 
in  a  hot-deformed  Ndio.8Pi‘o.6Byo.2Fe76.iCo6.3 Alo.2Gao.2B5.6 
magnet  with  70%  height  reduction. 

Index  Terms — Anisotropic,  full  density,  hot  deformation,  hot 
press,  nanocomposite  magnets,  rare-earth  magnets. 

L  Introduction 

The  Nd2Fei4B-a-Fe  and  N2Fei4B-Fe3B  nanocomposite 
magnet  materials  have  been  extensively  studied  since 
they  were  first  reported  by  the  Philips  group  the  in  late  1980s 
[l]-[6].  This  new  type  of  permanent  magnet  materials  com¬ 
bines  the  high  magnetocrystalline  anisotropy  of  a  magnetically 
hard  phase,  such  as  Nd2Fei4B,  and  the  high  saturation  mag¬ 
netization  of  a  magnetically  soft  phase,  such  as  a-Fe  or  FeaB, 
and  possesses  a  potential  for  a  very  high  energy  product  as 
predicted  by  many  researchers  [2]-[4]. 

In  practice,  however,  technical  difficulties  were  encountered 
in  making  bulk  nanocomposite  magnets  with  lull  density 
and  anisolropic  nanocomposite  magnets.  These  difficulties 
remained  for  more  than  a  decade  until  in  early  2003  a  rapid  hot 
press  and  hot  deformation  were  reported  being  used  for  suc¬ 
cessfully  preparing  bulk,  anisotropic  nanocomposite  magnets 
[9].  lliis  paper  reports  recent  advances  in  making  isotropic  and 
anisotropic  nanocomposite  magnets. 


Manuscript  received  October  16,  2003.  Tliis  work  was  supported  in  part  by 
the  Defense  Advanced  Research  Projects  Agency-Air  Force  Research  Labora¬ 
tory  (DARPA-AFRL)  under  Contract  F3361 5-01-2-2166  and  the  U.S.  Defense 
Advanced  Research  Pnrjects  Agciicy-Officeof  Naval  Research  (DARPA-ONR) 
under  Contract  NOOO 14-03-0 1-0636. 

D.  Lee,  J.  S.  Hilton,  C.  H.  Chen,  and  S.  Liu  are  with  the  University 
of  Dayton,  Dayton,  OH  45469  USA  (e-mail:  Don.Lee@iidri.udayton.edu; 
hiltonjsCTidri.udayton.edii;  Christina.Cheii@udri.iidayton.edu;  Iius@udri. 
udayton.edu). 

M.  Q.  Huang  is  with  UFS,  Incorporated,  Dayton,  OH  45432  USA  (e-mail: 
Mei  qing  .Huang  @  wpafb.af  .niil). 

Y.  Zhang  and  G.  C.  Hadjipanayis  are  with  the  Department  of  Physics 
and  Astronomy,  University  of  Delaware,  Newark,  DE  19716  USA  (e-mail: 
yzhaiig  ©physics. udel.edu;  ). 

Digital  Object  identifier  10.1 109/TMf\G.2004. 8 29246 


II.  Experiments 

Bulk,  nanocomposite  rare-earth  magnets  having  composi¬ 
tions  of  (Nd,  Pt;  Dy)^Feioo-x-j.;-^-u-A-OyALGa„B^  with 
X  =  8-11.6,  y  =  6-6.3,  z  =  6-0.2,  u  —  0-0.2,  and  v  = 
5.6-10.0  were  prepared  using  induction  melting,  melt  spinning, 
hot  press,  and  hot  deformation.  These  technologies  have  been 
used  for  producing  commercial  Nd-Fe-B  magnets  with  Nd  ss 
13-14  at%  for  many  years  [7],  [8].  After  melt  spinning  with  a 
wheel  speed  of  35  m/s,  the  overquenched  ribbons  were  crushed 
into  powder  particles  of  <  425  /tm  and  then  hot  pressed  at 
620  °C— 740  °C  under  172  MPa  in  vacuum.  The  hot  press 
took  only  2  min  including  heating  and  cooling  to  100  °C, 
therefore,  excessive  grain  growth  could  be  avoided.  In  order 
to  obtain  anisotropic  nanocomposite  magnets,  the  hot-pressed 
magnet  specimens  were  further  hot  deformed  at  ~900  °C 
under  ~  35  MPa.  The  hot-pressed  isotropic  and  hot-deformed 
anisotropic  magnet  specimens  are  of  diameters  equal  to  or 
greater  than  12  mm. 

Closed-circuit  magnetic  characterizations  were  performed 
using  a  hysteresisgraph  at  room  temperature.  Transmission 
electron  microscopy  (TEM)  was  used  to  observe  microstruc¬ 
tures  of  the  hot-deformed  magnet  specimens.  X-ray  diffraction 
(XRD)  was  used  to  analyze  the  crystallographic  textuie  of  tlie 
hot  deformed  anisotropic  magnet  specimens. 

III.  Results  and  Discussions 
A.  Isotropic  Nanocomposite  Magnets 

Bulk,  isotropic  nanocomposite  magnets  with  full  density  of 
~  7.6  g/cm^  were  readily  obtained  after  the  hot  press.  Fig.  1 
shows  variation  of  magnetic  properties  of  the  hot-pressed 
isotropic  (Ndo.93Pro.o5Dyo.o2):rFe87.7-xCo6.;3Alo.2Gao,2B5.6 
magnets  with  x  =  8,  9,  10,  10.5,  11,  andll.6  as  a  function  of 
the  amount  of  a-Fe  phase  in  the  composite  magnets.  It  can  be 
seen  from  Fig.  1  that  increases  in  the  magnetically  soft  a-Fe 
amount  led  to  a  gradual  increase  in  remanence;  however,  the 
intrinsic  coercivity  sharply  dropped.  These  two  conflicting 
factors  lead  to  a  peak  of  the  maximum  energy  product  at  around 
12.5  vol%  a-Fe  phase  (or  10  at%  rare  earth  content). 

The  hot-press  temperature  has  a  strong  effect  on  the  magnetic 
properties  of  the  hot-pressed  isotropic  Nd5Pr,5DyiFe73Co6Bio 
magnets.  As  shown  in  Fig.  2,  the  intrinsic  coercivity  is  reduced 

with  mcreasee  in  the  hot  prooo  temperature  ua  a  ro.iult  of  gralji 

growth  at  higher  temperatures.  A  peak  of  16  MGOe 

was  obtained  when  hot  pressed  at  660  °C. 

The  best  (BH),nax  of  16.2  MGOe  was  obtained  in 
Nd9.3Pro.5Dyo.2Ee77.7CO(i.3Alo.2Gao.2B5,e  as  shown  by 
curves  A  in  Fig.  5.  This  value  is  slightly  higher  than  that  of  the 
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Rare  earii  conteiit  (at%) 


Fig.  1.  Variation  of  magnetic  pro^rties  as  a  ftinction  of  the  a-Fe  phase 
amount  in  isotrqjic  (Ndo.03R:o.or,Dyo.o2)xFe8r.7-aCofl.3Alo.2Gao.2B5.fl 
magnets  with  x  =  8-11.6. 


Rare  earth  content  (at%) 


flot  press  temperature  (°C) 


Fig.  2.  Effect  of  hot-press  temperature  on  magnetic  properties  of  iscrtropic 
N d,',  Pr-j  Dy  i  Fct 3  Cor>  B  i  n  magnets . 


Fig.  3.  Magnetic  properties  vs.  the  amount  of  a-Fe  phase  in  anisotr^ic 
(Ndo.o3Pro.o5Dyo.o2)xFe87.f-sCo6.3Alo.2Gao.2Bs.6  magnets  with  a*  = 

8-11.6. 


Height  reduction  rate  (%) 


best  commercial  IlOt-pressed  magnets.  However,  the  rare  earth  4.  Effect  of  height  reduction  rate  during  hot  deformation  on  magnetic 
content  in  the  nanocomposite  magnets  is  26  at%  lower  than  anisotropic  Ndio.8Pro.6Dyo.2Fe76.iCo6.3Aio.2Gao.2Br,,e 

that  in  their  commercial  counterparts. 


B,  Anisotropic  Nanocomposite  Magnets 

Further  hot  deformation  of  the  isotropic  nanocom¬ 
posite  magnets  can  create  crystallographic  texture  and 
obtain  anisotropic  nanocomposite  magnets.  The  magnetic 
properties,  especially  the  maximum  energy  product,  of 
anisotropic  magnets  are  more  sensitive  to  the  rare  earth 
content  (or  the  amount  of  a-Fe  phase)  tlian  isotropic 
magnets.  Fig.  3  demonstrates  the  effect  of  the  amount  of 
tlie  a-Fe  phase  on  the  magnetic  properties  of  anisotropic 
(Nd  0 . 93 1^0 . 05  h)y  .  0  2  )x  7 . 7  -  X-  Co  6 . 3  Al{) .  2  Gao .  2  B  5 .  Q  m  agnets 
with  :7;  =  8,  9,  10,  10.5,  11,  and  11.6. 

It  can  be  observed  from  Fig.  3  that  increasing  the  amount  of 
the  soft  a-Fe  phase  in  the  magnets  results  in  a  sharp  drop  in  the 


intrinsic  coercivity,  as  in  the  case  of  isotropic  magnets.  How¬ 
ever,  different  from  that  case,  the  remanence  is  also  reduced 
with  increasing  the  a-Fe  amount.  It  should  be  noticed  that  tliis 
r^uction  in  remanence  is  related  to  the  fact  that  reducing  the 
rare  earth  content  makes  it  more  difficult  to  create  the  desired 
crystallographic  texture  during  hot  deformation  and,  therefore, 
leads  to  lower  remanence  and  Doorer  sauareness  of  the.  demj^o- 
netization  curve.  These  two  negative  factors  result  in  a  sharp 
drop  of  (BH)max  with  increasing  the  a-Fe  amount  as  shown  in 
Fig.  3. 

The  height  reduction  rate  during  hot  deformation  has  strong 
eff^ts  on  magnetic  properties  of  anisotropic  rianocomposite 
magnets.  It  can  be  seen  from  Fig.  4  that  the  remanence  of 
Ndio.8Pro.6F>yo.2Fe76.iCo6.3Al().2Gao.2B5  g  is  significantly 
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Magnetic  field  strength  (kOe) 


Fig.  5.  Demagnetization  curves  of  an  isotropic  Ndo.3Pro.5Dyo,2Fe7f,7 
Co.s.aAlo.^Oao.'iB^.c,  (A)  and  an  anisotropic  Ndjc).«I^o.«Dyo.2Fe7(i.iCo6.3 
Alo.2Gao.eB;.,o  (B). 


Fig.  6.  TFM  image  of  an  anisotropic  nanocomposito  Ndy.2FriDyo.3 

Fcff  .©Coq.  iGao.tBs.T- 

eiiiiaiiced  by  increasing  the  height  reduction  rate,  indicating 
that  more  hot  deformation  is  favorable  to  nanograin  align¬ 
ment.  As  shown  in  Fig.  4,  the  maximum  energy  product  is 
strongly  dependent  on  the  height  reduction  rate.  The  best 
(BH)niax  of  42  MGOc  was  achieved  when  hot  deforming 
Ndio.8Pfo.6C)yo.2Fe7G.iCo6.3Alo.2Gao.2B5.6  with  a  height 
reduction  rate  of  70%  as  shown  in  Fig.  5  curve  B. 

The  TEM  study  of  the  hot  deformed  anisotropic 
Nd9.2PriDyo.3Fe77.5CoG.iGao.2B5.7  revealed  elongated 
and  aligned  nanograins,  however,  misalignment  of  some 
nanograins  was  observed  as  shown  in  Fig.  6. 

XRD  was  performed  on  hot-deformed  Ndio.sl^o.oDyo.a 
Fe76.iCo6.3Alo.2Ga().2B3.G  for  both  a  random  powder  and  a 
bulk  specimen  on  a  plane  perpendicular  to  the  hot-deformation 
direction.  As  shown  in  Fig.  7(a),  the  XRD  pattern  on  the 

randoiTi  powder  a  typical  Md2r'ej^4D  Atiuetuie  wiUi  a 

small  amount  of  ^-Fe.  On  the  otlier  hand,  the  XRD  pattern  of 
the  bulk  specimen  shows  that  reflections  (00  £),  such  as  (004), 
(006),  (008),  and  (105),  are  strengthened,  indicating  that  the 
c-axes  of  die  nanograins  have  been  partially  aligned  along  the 


M  30  40  20  5-0  60  70 


Fig.  7.  XRD  patterns  of  (a)  a  hot-defornied  Ndu>.8Pro.tiDyo.2Fe7o.iCof:;.3 
Alo.2Gao.2B5.t5  nanocomposite  magnet  and  (b)  a  sintered  Nd-Fe-B  magnet. 

hot-deformation  direction.  In  comparison  to  the  XRD  patterns 
of  a  commercial  sintered  anisoh'opic  Nd-Fe-B  specimen 
shown  in  Fig.  7(b),  tlie  misalignment  of  some  nanograins  in  the 
specimen  shown  in  Fig.  7(a)  is  obvious.  Bodi  tlie  hot-pressed 
nanocomposite  magnet  presented  in  Fig.  7(a)  and  the  com¬ 
mercial  sintered  Nd-Fe-B  magnet  presented  in  Fig.  7(b)  have 
(BH)niax  ^  40  MGOe.  Therefore,  much  higher  (BfQmax  is 
anticipated  for  nanocomposite  magnets  with  lurdier  improving 
their  nanograin  alignment. 
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Abstract 

Textured  HCP  Co  nanowires  with  preferentially  oriented  (100)  along  the  growth  direction  were  fabricated  by 
electrodeposition  at  high  potential.  Further  increase  of  deposition  potential  results  in  the  formation  of  twist  wires  with 
circumferential  strain.  These  conclusions  are  unambiguously  reached  by  combining  TEM,  XRD  rocking  curves  and 
pole  figures.  The  magnetic  properties  are  determined  by  the  combination  of  magnetocrystalline,  shape,  and  stress 
anisotropies  and  magnetostatic  interaction.  Consequently,  the  magnetic  easy  axis  can  be  tuned  with  structure  and 
temperature,  thus  paving  the  road  for  magnetic  nanowire  array  use  in  applications  where  self-biasing  of  magnetization 
is  necessary. 

©  2005  Elsevier  B.V.  All  rights  reserved. 

PACS:  75.75;  81.07;  81.07.B 

Keywords:  Nanowire  electrodeposition  texture;  Porous  anodic  aluminum  oxide 


1.  Introduction 

One-dimensional  nanostructures  are  of  great 
interest  because  of  potential  applications  in  areas 
such  as  high-density  perpendicular  magnetic  re- 
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cording  media  and  nanosensors  [1-3].  More 
recently,  exciting  developments  in  magnetic  do¬ 
main  switching  by  spin-polarized  currents  seem  to 
promise  breakthroughs  in  magnetic  memory  tech¬ 
nology  [4,5].  A  spin-polarized  current  of  a  high 
current  density  can  be  easily  achieved  in  one¬ 
dimensional  structure.  Precise  structural  control  of 
these  one-dimensional  structures  allows  us  to 
understand  the  mechanism  of  current-driven  spin 
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dynamics.  The  synthesis  and  precise  control  of 
such  a  magnetic  nanostructure  on  a  large  scale  is  a 
challenging  issue  in  materials  science.  One  strategy 
is  to  electrodeposit  magnetic  nanowires  into 
nanochannels  of  porous  anodic  aluminum  oxide 
(A AO)  templates,  which  have  been  utilized  by 
many  groups  to  prepare  magnetic  metals  including 
Ni,  Co,  and  Fe  [1-3, 6-13].  In  the  case  of  Co 
nanowires,  almost  all  electrodeposited  Co  nano¬ 
wires  are  polycrystalline.  In  this  letter  we  report 
the  preparation  of  (1 0  0)  oriented  Co  nanowires 
with  hexagon  close  packed  (HCP)  stracture  in  a 
controllable  fashion.  The  structure  has  been 
verified  with  conventional  X-ray  diffraction 
(XRD),  scanning  electron  microscopy  (SEM)  and 
transmission  electron  microscopy  (TEM).  Detailed 
X-ray  rocking  curve  and  pole  figure  measurements 
reveal  the  formation  of  twisted  HCP  structure  by 
controlling  the  fabrication  parameters.  The  cir¬ 
cumferential  tension  in  twisted  HCP  structures 
significantly  influences  the  magnetic  anisotropy 
and  can  be  used  to  control  the  magnetization 
direction  in  Co  nanowire  array. 


2.  Experiment  procedure 

Porous  anodic  aluminum  oxide  (AAO)  template 
was  prepared  by  a  two-step  anodizing  process  on 
altiminam  foils  [14,15].  Al  foil  with  purity  of 
99.999%  was  anodized  in  0.3  M  under  a  constant 
voltage  of  40  V  at  12  X1  After  anodization,  the 
remaining  aluminium  substrate  and  its  barrier 
layer  at  the  bottom  of  the  AAO  template  were 
removed  to  obtain  the  through  holes  AAO 
template  with  pore  length  of  40pm  and  uniform 
diameters  of  60  nm.  A  Cu  layer  was  sputter 
deposited  on  one  side  of  the  AAO  template  to 
serve  as  the  working  electrode  in  a  two-electrode 
electrochemical  cell.  An  aqueous  bath  (pH  ^  3,0) 
containing  0.2  M  Co“  '  and  H3BO3  (30g/!)  was 
used  to  prepare  Co  nanowire  at  room  temperature 
with  constant  potential  of  -2V  or  higlier.  Co-1 
and  Co-2  samples  were  deposited  from  the  same 
electrolyte  with  potential  of  —1.95  and  —2. 15  V, 
respectively.  SEM  and  TEM  were  used  to  char- 

tUp  mnrnholnay  nnri  thp  f  riirtiim  of  tho 

nanowires.  The  X-ray  rocking  curve  and  pole 


figure  measurements  were  carried  out  in  a  Philips 
X’Pert  MPD  instrument  using  the  Cu  Ka  radia¬ 
tion.  The  magnetic  measurements  were  performed 
using  a  superconducting  quantum  interference 
device  (SQUID)  magnetometer. 


3.  Results  and  discussion 

Fig.  1  shows  the  SEM  and  TEM  results  on  the 

Co  nanowire  arrays  and  an  isolated  nanow.-re.  The 
length  of  Co  nanowires  is  about  40  pm,  consistent 
with  AAO  template  thickness.  The  wirer  show 
uniform  diameter  of  about  60 nm,  resulllng  in  a 
high  aspect  ratio  of  about  700.  Selected- 
area  electron  diffraction  (SAED)  pattern  has 
been  performed  on  different  Co  nanowires  and 
different  positions  on  individual  wires.  All 


lb) 


Fig.  i.  (a)  SEM  images  of  cross- seciion  view  of  Co  canowire 
arrays  after  remo\’ing  the  AAO  tempJatc:  (b)  typical  bright  field 
TEM  image  of  a  single-crystal  Co  iianowire  and  electron 

Structure  with  c-axis  aligned  perpendicular  to  the  wire 
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obtained  diffraction  patterns  show  hexagonal 
symmetry  (inset  in  Fig.  lb),  indicating  that  wires 
are  single  crystal  HCP  structure  with  c-axis 
perpendicular  to  the  wire. 

Fig.  2  shows  XRD  spectra  of  Co  nanowire 
arrays  embedded  in  templates.  All  samples  show 
only  a  sharp  (10  0)  peak  of  FICP  Co,  indicating  the 
preferential  orientation  of  whole  single-crystalline 
wires.  The  inset  of  Fig.  2  shows  the  results  from 
X-ray  rocking  curve  of  (10  0)  reflection.  Most  of 
samples,  denoted  as  Co-1,  show  one  sharp  peak 
centered  at  the  specular  angle  of  20.8""  with  narrow 
peak  widths  at  half-maximum  (FWHM)  in  the 
range  of  2.38"-5.51°.  Assuming  a  Gaussian  dis¬ 
tribution,  these  results  indicate  that  at  least  75%  of 
the  wires  have  a  preferential  orientation  within 
1. 2-2.8°  of  the  [10  0]  direction.  Similar  analyses  * 
for  polycrystalline  samples  show  a  larger  distribu-  • 
tion  angle  up  to  9°  [8].  Samples  electrodeposited  at 
the  potential  of  —2.1 5  Y  (denoted  as  Co-2)  show 
very  different  rocking  curves,  indicated  in  the  inset 
of  Fig.  2.  Although  they  have  the  same  sharp 
(100)  XRD  peak  as  Co-1  samples,  there  is  no 
peak  at  20.8°  in  rocking  curves.  Interestingly,  there 
are  two  twin-peaks  with  the  same  intensity  at  15.7° 
and  26.1°,  respectively  (i.e.,  about  ±5°  mirror 
imaging  the  [1  00]  characteristic  angle  of  20.8°). 

Combining  the  results  from  SEM,  TEM,  XRD 
and  X-ray  rocking  curves,  we  can  conclude  that 


20  (deg.) 


each  individual  nanowire  is  single  crystal  and  has 
[100]  preferred  orientation  along  the  wires.  The 
nanowires  array  has  random  c-axis  distribution  in 
the  AAO  template  plane.  The  sharp  (1  00)  peak  in 
XRD  and  the  narrow  FWFM  of  rocking  curves  of 
2.38°  indicates  the  excelleni  pore  parallelity  in 
AAO  templates  as  well  as  a  near-perfect  texture  in 
our  nanowire  arrays.  This  clearly  indicates  that 
optimum  deposition  condition  can  be  achieved  to 
fabricate  well-textured  nanowires  array  over  a 
large  area.  It  is  important  to  emphasize  that  the 
unusual  twin-peak  in  rocking  curves  of  Co-2 
samples  cannot  be  explained  by  the  parallelity 
deviation  in  pore  structure,  nor  can  it  be  explained 
with  the  deviation  from  tlie  overall  orientation.  A 
poor  parallelity  only  increases  the  FWHM  of  the 
rocking  curves,  and  orientation  deviation  increases 
the  FWHM  and  shifts  the  peak  position. 

To  explain  the  double  peaks  in  rocking  curves 
for  Co-2  samples,  we  performed  pole  figure 
measurement  and  (100)  end  (101)  pole  figures 
for  Co-1  and  Co-2  sample.',  as  shown  in  Fig.  3.  The 
tilt  angle  (a)  was  varied  from  0  -85'  in  steps  of  5°. 
The  azimuth  angle  (/i)  was  varied  from  0-355°  in 
steps  of  5°.  Fig.  3(a)  shows  a  well-defined  HCP 
(100)  sharp  peak  at  a  =:  0°  for  Co-1,  further 
confirming  the  high  degree  of  (100)  alignment  of 


Fig.  2.  X-ray  diffraction  (XRD)  spectrum  of  Co  nanowire  Fig.  3.  Three-dimensional  (1  00)  (:i)  and  (1  f)  1 )  (h)  pole  figures 

ati.€ty-a  in  Jo  iliw  (1  OO)  \jC  Ow-l  t-nxvl  llii  uu-Uiuiv.  li.'ikiiul  (1  0  0}  (•^)  aiiU  O  0  ])  rU) 

rocking  curve  for  two  types  of  nanomdre  arrays.  pole  figures  of  Co-2  samples,  respectively. 
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nanowires  along  the  wire  direction  in  Co-1 
samples.  The  HCP  (1  0  1)  peak  in  Fig.  3(b)  shows 
the  diffraction  maximum  as  a  crateriform  ring 
located  at  a  =  30°,  corresponding  to  the  angle 
between  the  neighboring  [1  00]  and  [1  0  1]  planes. 
This  means  that  the  (101)  axis  of  nano  wires  are 
randomly  distributed  in  the  array.  Based  on  this 
observation,  one  may  easily  conclude  that  the 
c-axis  of  single-crystalline  wires  also  distribute 
randomly  in  the  array  plane. 

For  Co-2  samples,  the  (1  00)  peak  has  a  volcano 
shape  located  at  about  a  =  5°  surrounding  the 
center  of  the  pole  figure  (Fig.  3c).  Its  (1  0  1)  pole 
figure  shows  two  crateriform  rings  located  at 
about  a  =  25^  and  35®,  respectively.  These  shifted 
angles  are  consistent  with  twin-peak  pattern 
observed  in  (10  0)  rocking  curve  (inset  of  Fig.  2). 
If  twin  peak  pattern  in  rocking  curve  suggests 
lattice  structure  shown  in  Fig.  4d,  then  the  pole 
figure  suggests  that  such  distortion  have  circular 
s}anmetry.  Here,  we  propose  a  model  of  twisted 
wire  shown  in  Fig.  4  which  will  result  in  this  cone 
structure,  this  model  is  also  consistent  with 
observed  magnetic  properties  to  be  discussed  later. 


Fig.  4.  The  tv\islcd  nanowirc  model.  The  cross-section  of  both 
normal  and  twisted  nanowires  are  shown  below  the  three- 

Jijnwiioi '-'J ictl  O  0  0)  ana  (0  0  1)  <5n.*o 

in  the  figarc.  (See  text  for  detailed  expianation). 


If  the  wire  is  twisted  as  it  grows  (Fig.  4b),  the 
atoms  on  the  second  plane  will  not  be  directly 
above  these  on  the  first  plane,  but  shifted  along  the 
twisted  direction.  Consequently,  the  distance 
between  the  first  and  second  planes  is  reduced. 
The  reduction  is  most  on  the  outmost  radius  and 
zero  along  the  center  line  since  the  twist  creates  the 
largest  displacement  at  the  outmost  radius.  It  is 
clear  the  formation  of  this  structure  must  be 
accompanied  by  dislocations  or  defects.  The  cross- 
sectional  view  of  such  a  distortion  is  shown  in 
Fig.  4d.  The  angle  between  wire  axis  and  (1  0  0) 
orientation  for  the  twisted  wire,  in  our  case,  should 
be  about  5°.  This  effect  gives  rise  to  the  twin  peaks 
shown  in  the  inset  of  Fig.  2,  and  in  the  pole  figure 
volcano-like  (100)  peak  at  a  =  ±5°  in  Fig.  3c. 
Similar  analysis  shows  that  double  crateriform 
rings  should  be  observed  for  (1 0  1)  orientation 
located  at  a  =  30  ±  5°.  Experimental  pole  figure 
of  (1  0  1)  for  twisted  nanowire  array  is  shown  in 
Fig.  3d.  This  is  the  only  structure  that  explains 
consistently  the  results  shown  in  the  rocking 
curves  and  pole  figures.  This  model  has  never 
been  proposed  before,  since  no  pole  figure  studies 
have  been  done  in  nanowire  array. 

Magnetic  properties  were  measured  by  a 
SQUID  magnetometer  from  5  to  300  K.  Fig.  5 
shows  the  hysteresis  loops  of  Co-1  (a,  b),  Co-2 
(c,  d),  and  Co-2  with  template  partially  etched 
away  (e,  f)  at  5  and  300  K,  respectively.  The 


- Hll  wire 

wire 


H  (Oe)  H  (Oe)  H  (Oe) 

Fig.  5.  .Hysteresis  loops  of  sample  Co- 1  (a,  b),  Co-2  (c.  d)  and 
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perpendicular  {-•-)  or  parallel  (— )  to  the  nanewires. 
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control  of  anisotropy  by  structure  and  tempera¬ 
ture  is  clear:  for  untwisted  Co-1  wire  array,  the 
easy  axis  is  perpendicular  to  the  wires  at  low  . 
temperature  and  gradually  decreases  with  increas¬ 
ing  temperatures,  while  twisted  Co-2  wire  array 
shows  an  easy  axis  along  the  wires  at  high 
temperatures  and  decreases  with  decreasing  tern- , 
peratures.  The  total  anisotropy  represents  the 
competition  among  magnetocrystalline,  shape, 
and  stress  anisotropies  and  dipolar  interaction* 
[7,9].  For  HCP  Co,  the  magnetocrystalline  aniso¬ 
tropy  creates  an  easy  magnetization  direction 
along  the  c-axis,  which  is  reduced  due  to  the 
random  c-axis  orientations  in  both  Co-1  and  Co-2 
samples.  The  dipolar  interaction,  which  is  the  same  . 
for  both  samples  because  of  the  same  diameter  and 
length,  leads  to  an  easy  magnetization  direction 
perpendicular  to  the  nanowire  array.  If  the  stress 
effect  in  the  Co-1  samples  is  neglected,  then  the 
sum  of  magnetocrystalline  anisotropy  and  dipolar 
interaction  is  larger  than  the  shape  anisotropy. 
This  results  in  an  easy  magnetization  direction 
perpendicular  to  the  nano  wires.  The  magnetocrys¬ 
talline  anisotropy  decreases  faster  than  shape . 
anisotropy  and  dipolar  interaction  with  increasing 
temperature,  leading  to  the  temperature-depen¬ 
dent  behaviors  observed  in  sample  Co-1 .  In  sample 
Co-2  ,  in  addition  to  crystalline  and  shape 
anisotropies  and  dipolar  interaction,  there  is  a 
stress  anisotropy,  =”/cr  sin^0,  where  k  is  the. 
magnetostriction  coefficient,  o  the  stress,  and  d 
the  angle  between  and  a.  In  Co-2,  the  positive 
circumferential  tensile  stress  a  and  negative  X  for 
Co  along  the  c-axis  gives  rise  to  a  negative  stress: 
anisotropy,  implying  that  along  the  wire  direction 
is  an  easy  axis  [16].  At  low  temperature,  the  stress 
and  shape  anisotropy  balances  the  magnetocrys¬ 
talline  anisotropy  and  dipolar  interaction,  result¬ 
ing  in  similar  magnetic  properties  in  two 
directions.  For  the  same  reason  as  in  Co-1,  at 
the  room  temperature,  the  magnetization  prefers 
to  be  along  the  wire  direction.  It  should  be  noted 
that  the  coercivity  of  Co-2  samples  is  always  larger 
than  that  of  Co-1  samples  because  of  this 
additional  stress  anisotropy.  To  confirm  the  stress 
anisotropy  in  Co-2  sample,  the  AI2O3  template  was 

partially/  rr\  rf^1p>QCP‘  pr^rtinn  rkf  amrl 

the  magnetic  properties  at  5  and  300  K  are  shown 


in  Fig.  4(e,f).  As  anticipate  the  hysteresis  loops  are 
between  those  non-stressed  Co-1  nanowire  arrays 
and  stressed  (twisted)  Co-2  nanowire  array  (Co-2), 
clearly  demonstrating  that  the  stress  anisotropy 
plays  a  crucial  role  here 


4.  Conclusions 

Textured  Co  nanowire  with  preferred  growth 
orientation  of  (100)  has  been  fabricated  by 
electrodeposition  at  high  potential.  Further  in¬ 
crease  of  deposition  potential  results  in  the  forma¬ 
tion  of  twist  wires.  These  conclusions  are 
unambiguously  reached  by  combining,  TEM, 
XRD  rocking  curve  and  pole  figure  measurements. 
The  magnetic  properties  are  determined  by  the 
combination  of  magnetocrystalline,  shape,  and 
strain  anisotropies  and  dipolar  interaction.  Conse¬ 
quently,  the  magnetic  easy  axis  can  be  tuned  with 
structure  and  temperature,  thus  paving  the  road  for 
magnetic  nanowire  array  use  in  applications  where 
self-biasing  of  magnetization  is  necessary. 
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Abstract 

We  have  studied  the  stability  of  RCo5_;tCu:t  (R  =  Y,  Sm)  confounds  with 
respect  to  phase  separation.  First  principles  density  functional  calculations 
imply  that  (i)  decomposition  into  two  phases  having  different  x  is 
energetically  favourable  and  (ii)  both  the  stable  x  values  and  the  Cu  atomic 
site  preferences  depend  on  tlie  magnetic  state  of  the  alloys.  Guided  by  this 
result,  we  studied  the  stincture  and  magnetic  properties  of  different 
Sm(Co,Cu)5  and  Sm(Co,Fe,Cu)5  alloys.  Separation  into  two  chemically 
dissimilar  Sm(Co,Cu)5  phases  is  typical  for  the  as-made  Sm(Co,Cu)5  alloys. 
We  also  observed  in  different  alloys  a  universal  correlation  between  the 
room-temperature  coercivity  and  tlie  magnetic  state  at  the  tenq)erature  of 
annealing.  The  coercivity  increases  significantly  if  annealed  100-140”C 
below  tlie  Curie  temperature;  in  particular,  for  SmCo2.25Feo.75Cu2,  the 
room-temperature  coercivity  increases  from  12.3  to  37.3  kOe.  The 
possibility  of  diOerent  magnetic  state-dependent  stmcture  transformations  is 
discussed.  The  experimental  results  do  not  support  the  spinodal 
decomposition  theory,  so  we  suggest  that  the  coercivity  increase  might  be 
caused  by  a  change  in  preferred  atomic  site  occupancies. 


1.  Introduction 

In  spite  of  many  experimental  studies,  the  large  coercivity  in 
bulk  Sm(Co,Cu)5  alloys  discovered  more  than  three  decades 
ago  [1]  is  still  not  completely  understood.  According  to 
OesteiTeicher  el  al  [2]  the  magnetic  hardness  in  these 
pseudobinary  compounds  may  be  of  an  intrinsic  nature, 
resulting  from  site  disorder  and  the  high  magnetic  anisotropy. 
On  the  other  hand,  the  well-known  increase  of  coercivity 
in  Sm(Co,Cu)5  alloys  upon  annealing  at  relatively  low 
temperaiiires  or  anoui  juu-ouu  c:  nas  been  associated  wim 
spinodal  decomposition  into  Co-  and  Cu-rich  Sm(Co,Cu)5 
phases  [3-5].  In  the  later  studies  [6],  however,  the  spinodal 
decomposition  in  the  Sm(Co,Cu)5  alloys  has  been  questioned. 
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In  the  model  by  Mitchell  and  McCurrie  [7],  the  Co  and  Cu 
microsegregation  formed  during  alloy  casting  evolves  with 
annealing  into  a  sort  of  cellular  structure,  which  is  responsible 
for  the  coercivity.  Recently  Yamashita  [8]  even  suggested 
that  the  coercivity  in  Sm(Co,Cu)5  can  be  caused  by  the  Co 
precipitates  along  the  grain  boundaries. 

Though  Sm(Co,Cu)5  compounds  do  not  have  a 
direct  practical  application  because  of  their  relatively  low 
magnetization,  it  is  well  estabiished  that  Sm(Co,Cu)5  plays 
a  critical  role  in  the  coercivity  of  Sm?Co]7-based  maanets — 
the  hard  magnetic  materials  of  great  practical  importance. 
Typically,  when  modelling  coercivity  in  the  2:17  magnets,  the 
Sm(Co,Cu)5  cell-boundary  constituent  is  considered  as  a  single 
phase  with  a  certain  set  of  physical  properties  [9].  How^cver, 
some  experimental  results  [  10]  may  be  interpreted  in  favour  of 
a  two-phase  structure. 
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In  this  work,  we  tried  to  exaiTiine  the  structural 
transformations  in  Sm(Co,Cu)5  and  their  relevance  to  the 
magnetic  hardness  of  these  alloys.  We  started  with  th^retical 
calculations  and  used  their  results  (the  predicted  phase 
separation  and  possible  effect  of  magnetic  states  of  the  alloys 
on  their  structure)  to  guide  our  experimental  efforts.  The 
latter,  therefore,  were  focused  on  the  structure  and  magnetic 
properties  of  the  as-made  alloys,  homogenized  alloys  and  the 
alloys  annealed  in  the  vicinity  of  their  Curie  temperature. 

2.  Calculation  and  experimental  details 

Density  functional  calculations  for  RCo5_jcCu;c  compounds 
with  R  =  Y  and  Sm  have  been  performed  with  the 
full-potential,  linearized  augmented  plane  wave  (LAPW) 
method  [11]  using  the  WIEN2k  code  [12]  and  the  linearized 
muffin-tin  orbital  method  [13]  within  the  atomic  sphere 
approximation  (LMTO-ASA)  using  the  STUTTGART-4.7 
package  [14].  The  former  method  is  very  accurate  but 
somewhat  slow,  while  the  latter  is  approximate  but  very  fast. 
Details  of  the  calculations  are  available  elsewhere  [15]. 

Experimental  results  were  obtained  for  SmCos-^^GUjc 
with  x  ==  1,  1.5,  2  and  also  for  SmCo2.25Feo,75Cu2. 

The  alloys  were  prepared  from  pure  components  by  arc¬ 
melting  on  a  water-cooled  copper  hearth  under  an  argon 
atmosphere  Excess  of  Sm  was  added  to  compensate 
the  evaporation  loss  of  this  element.  The  ingots  were 
re-melted  several  times  to  ensure  homogeneity;  some  of  them 
(particularly  those  with  Fe)  were  additionally  homogenized 
at  1050"C  for  50  h.  Alloy  samples  were  annealed  at  the 
temperature  Ta  ranging  from  350'C  to  550“C  for  50  h 
(unless  some  other  time  is  specified).  The  homogenization 
and  annealing  treatments  were  followed  by  quenching  in 
water.  X-ray  diffraction  (XRD)  data  were  collected  with  the 
Cu-Ka  radiation.  Microstructure  was  studied  for  non-etched 
samples  by  scanning  electron  microscopy  (SEM)  with  a  JEOL 
.1SM-6330F  instrument.  The  room-temperature  magnetic 
hysteresis  loops  were  measured  for  coarse  powders  with  a 
Quantum  Design  MPMS  magnetometer  and  a  vibrating  sample 
magnetometer  (VSM).  The  powder  samples  were  magnetically 
aligned,  except  those  used  for  measuring  initial  magnetization 
curves.  Thermornagnetic  analysis  at  the  field  of  0.1  kOe  was 
performed  with  the  VSM  for  100”120mg  alloy  pieces. 

3.  Theoretical  stability  analysis  for  Sm(Co5Cu)5 

The  stability  of  the  Sm(Co,Cu)5  compounds  has  been  analysed 
as  follows:  consider  a  graph  of  the  total  energy  of  RCos-jcCu^ 
as  a  function  of  .r  with  a  straight  line  connecting  the  energy 
values  of  pure  RC05  and  RCU5.  This  line  represents  the 
energies  of  mechanical  mixtures  of  the  two  binary  phases. 
Subtracting  these  values  from  the  energies  calculated  for 
RCo5._.vCu;c,  we  obtain  AE(x),  the  difference  between  the 
enerev  of  RCo<__rCur-  and  that  of  the  (1/5)  [15  —  x)RCo^  + 
xRCus]  mixture  for  every  given  x.  Figure  1  shows  AE(x) 
calculated  by  different  techniques  for  R  =  Sm  and  Y  in 
a  magnetic  state  where  the  Cu  atoms  prefer  to  occupy  the 
2c  atomic  sites  [16].  LAPW  calculations  are  much  more 
costly  in  terms  of  computer  time  than  those  for  LMTO-ASA; 
Sm  calculations  require  special  treatment  for  /-electrons  [15] 


Figure  1.  Deviation  of  the  RCo5_;cCujt:  energy  from  that  for  the 
RC05  +  RCu5  mixture  calculated  (1)  by  LAPW  for  R  =  Sm,  (2)  by 
LAPW  for  R  =  Y  and  (3)  by  LMTO-ASA  for  K  -  Y.  All  the 
compounds  are  magnetic  and  the  Cu  atoms  prefe  r  the  2c  sites. 


Cu  atoms  /  unit  cell 

Figure  2.  Deviation  of  the  RCos^vCu;,-  energy  from  that  for  the 
RC05  +  RCus  mixture  calculated  by  LAPW  for  magnetic 
SmCo5_;cCu;c  (•,A,T)  and  non-magnetic  YCo^  ..Cu^c  (0,A,v)  with 
the  Cu  atoms  preferring  3g  sites,  2c:  sites  (A, A),  or  having  no 
preferential  site  occupancies  (#,0). 

and,  therefore,  are  even  slower.  Fortunately,  the  differences 
among  all  three  .sets  of  calculations  are  not  qualitatively 
important,  which  allows  us  to  use  the  faster  method  for  further 
analysis. 

The  energy  associated  with  the  3d  magnetism  of  Co  is 
substantial.  Non-magnetic  calculations  cuc  not  meaningful 
in  the  Sm  compounds  since  the  Sm  4/  s/iells  retain  local 
magnetic  moments  at  any  temperature.  However,  the 
similarity  of  the  AE(x)  curves  for  Y  and  Srn  in  the  magnetic 
calculations  suggests  that  the  /-shell  magnetism,  as  opposed 
to  the  Co  ci-shell  magnetism,  is  not  important  for  structural 
stability.  Figure  2  shows  the  calculated  AE(x)  for  magnetic 
SmCo5_jcCU;f  and  non-magnetic  YCo5._.Ciu.  for  different 
preferred  occupancies  of  the  atomic  sites.  According  to 
the  calculations,  in  the  nincnetie  reaime  1  nnH  1 

for  Sm)  all  the  intermediate  RCo5_xCuy  compounds  have 
total  energies  higher  than  that  of  a  miixlure  of  RC05  and 
RCus  and,  therefore,  are  unstable  upon  decomposition  into 
RC05  and  RCU5.  In  the  non-magnetic  regime  (figure  2  for 
Y),  the  most  stable  compositions  are  RC04CU1  and  RC01CU4. 
Interestingly,  according  to  the  calculations,  the  structure  may 
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Figure  3*  Powder  XRD  spectra  of  SmCo3Cu2  alloy:  lx>th 

as-made  (1 )  and  annealed  at  350 'C  (2)  sciiiiples  have  the  CaCus-type 

structure. 


Figure  4.  SHM  backscattered  electron  images  of  SniCo3Cu2 
samples:  {a)  the  as-made  alloy  and  {b)  alloy  annealed  at  350*C 
have  a  two-phase  structure. 


depend  on  whether  annealing  was  done  below  or  above  the 
Curie  temperature.  For  instance,  the  RC04CU1  alloy  is 
expected  to  be  a  single  phase  if  annealed  above  the  Curie 
temperature  but  a  mixture  of  RC05  and  RCus  if  annealed 
below  the  Curie  teinperature.  The  calculations  also  sugg^t 
that  atomic  site  preferences  depend  on  the  magnetic  state  of 
the  alloy.  As  can  be  seen  from  figure  2,  calculations  in  the 
magnetic  regime  suggest  that  the  Cu  atoms  prefer  the  2c  sites 
for  any  x  value,  while  in  the  non-magnetic  regime  the  3^  sites 
become  more  preferable  for  0  <  x  <  2  with  disordered 
occupancies  for  2  ^  x  ^  3. 

4.  Microstriictiire  and  magnetic  properties  of 
as-made  and  homogenized  alloys 

XRD  characterization  of  the  as- made  SmCo5_jj;Cujc  alloys 
with  X  “  1,  1.5  and  2  clearly  shows  the  presence 

of  'A  sinorle  structure,  identified  as  CaCu^r  (space  group 
P6lmmm).  The  representative  part  of  the  XRD  spectrum, 
for  SmCosCuo  is  shown  in  figure  3  (curve  1).  However, 
the  SEM  image  of  the  backscattered  electrons  reveals  whaf 
appears  to  be  a  two-phase  structure  (figure  4(a)).  This  is 
consistent  with  the  reports  [3, 5, 7]  about  a  strong  tendency 
of  the  as-cast  Sm(Cc,Cu)5  alloys  for  microsegregation.  The 


Temperature  (°C)  Field  strength  (kOe) 


Figure  5.  (a)  Thennomagnetic  curves  and  (b)  magnetization  curves 
of  the  SmCo3Cu2  alloy:  as-made  C 1);  anneal^  at  350'*C  (2); 
homogenized  at  1050*11  (3):  homogenized  at  1050*C  and  annealed 
at  350*0  for  200 h  (4). 


resulting  Co-  and  Cu-enriched  areas  have  the  same  ciystal 
structure  and  cannot  be  distinguished  with  powder  XRD  [7]. 
Homogenization  at  i050"C  eliminates  this  segregation  (the 
corresponding  SliiVI  image  is  not  shown),  again  in  good 
agreement  with  [3].  The  heating  tliermomagnetic  curves 
shown  in  figure  5(a)  illustrate  the  emergence  of  a  uniform 
magnetic  phase  (cm  ve  3)  ifom  a  set  of  phases  v/ith  a  broad 
range  of  Curie  temperatures  (curve  1). 

It  is  interesting  to  compare  the  effects  of  low -temperature 
annealing  on  the  as-made  an.:«  homogenized  alloys.  As  can 
be  seen  in  figures  3  and  4,  XRD  and  TEM  show  no  changes 
in  the  non-homogenized  SmCo3Cu2  sample  after  annealing 
at  SSC’C.  However,  considerable  changes  can  be  observed 
in  the  magnetic  measurements  (figure  5,  curves  1  and  2). 
As  a  result  of  annealing,  the  coercivity  He  increases  two 
times  and  the  thermo  magnetic  analysis  suggests  a  split  in  the 
Curie  temperatures.  Fhe  highest  observed  Curie  temperature 
Tc  increases  with  annealing.  vSimilarly,  in  the  homogenized 
sample,  both  He  and  the  only  observed  Tc  increase  with 
annealing  (figure  5,  curves  3  and  4).  Note  the  difference  in 
annealing  times  for  the  as-m^ade  and  homogenized  alloys — 
this  reflects  the  fact  that  He  of  the  as-made  Sm(Co,Cu)5  alloys 
reached  its  maximum  with  annealing  in  a  shorter  time  than  the 
He  of  the  homogenized  alloys. 

It  appears  that  the  increase  of  coercivity  in  Sm(Co,Cu)5 
during  the  low- temperature  annealing  is  independent  of 
microsegregation  within  the  single  1 ;  5  structure.  In  our 
detailed  examination  of  the  effect  of  annealing  temperature, 
we  used  non-homogenized  Sm(Co,Cu)5  alloys  following  the 
pattern  of  earlier  works  on  the  subject  [3,7].  In  contrast 
to  Sm(Co,Cu)5,  the  as-made  SmCo2.25Fec).75Cu2  alloy  was 
non-uniform  both  chemically  and  structurally:  in  addition 
to  the  1:5  phase  it  contained  significant  amounts  of  the 
Fe-enriched  2:17  phase  and  the  Cu-enriched  2 : 7  phase.  After 
homogenization  of  the  SmCo2,.25Feo.75Cu2  alloy  at  105(TC 
TEM  and  XRD  showed  a  chemically  uniform  1  : 5  structure, 
while  thermomagnetic  analysis  revealed  a  shaip  M(T)  peak 
at  the  Curie  temperature  of  the  only  magnetic  phase.  This 
homogenized  SmCo2.25Eeo.75Cu2  alloy  was  the  one  subjected 
to  the  low- tempera  tore  annealing. 
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Figure  6.  Effect  of  annealing  temperature  on  {a)  Curie  tem{«rature 
and  (b)  room-tem^rature  coercivity  for  (1)  SmCo4Cui, 

(2)  SmCc^jCuij,  (3)  SmCosCui^and  (4)  SmCo2.25Feo.75Cu2. 

The  inset  shows  an  example  of  Tc  evaluation,  (SmCo3jCui.5, 
rA=400X). 

5.  Effect  of  annealing  temperature  on  the  coercivity 

Figure  6  shows  the  Curie  temperatures  and  room-temperature 
intrinsic  coercivities  measured  for  three  SmCo5_;cCU;c  alloys 
(x  =  1, 1.5, 2)  and  the  SmCo2.25Feo.75Cu2  alloy  after  annealing 
treatments  at  different  temperatures,  Ta  .  The  effect  of  Ta  on  Tc 
for  Sm(Co,Cu)5  alloys  is  opposite  to  that  for  Sm(Co,Fe,Cu)5: 
in  the  Fe-free  alloys  the  higher  Ta  results  in  a  somewhat 
lower  7c,  while  in  the  Fe-added  alloy  Tc  strongly  increases 
with  Ta  .  This  difference  may  arise  from  the  more  complex 
metallurgical  behaviour  of  Sm(Co,Fe,Cu)5,  which  includes 
the  emergence  of  the  Sm2(Co,Fe)i7  phase  at  higher  annealing 
temperatures.  A  more  detailed  report  on  the  structure  and 
magnetic  properties  of  SmCo2.25Feo.75Cu2  will  be  the  subject 
of  a  separate  publication;  this  study  focuses  on  the  annealing 
temperatures  around  7c .  In  this  temperature  range,  the 
coercivity  of  all  the  alloys  studied  changes  significantly  with 
Ta-  In  particular.  He  of  SmCo2.25Feo.75Cu2  increases  from 
12.3  to  37.3  kOe  when  Ta  decreases  from  550°C  to  400°C. 

In  figure  7,  Ho /H*  (H^  and  He  are,  respectively,  the  room- 
temperature  coercivities  before  and  after  annealing)  is  plotted 
versus  both  Ta  and  the  deviation  of  Ta  from  Tq.  The  latter  plot 
seems  to  reveal  a  universal  behaviour  in  all  samples  with  the 
rt-rbired  roexciviiies  increasing  in  a  similar  way.  if  annealed 
at  1 00-1 40 "C  below  Tq.  This  may  suggest  that  the  magnetic 
states  of  the  Sm(Co,Cu)5  and  Sm(Co,Fe,Cu)5  influence  the 
structural  transformations,  particularly  those  responsible  for 
the  increase  in  /7c .  Figure  8  shows  parts  of  the  XRD  scans 
for  the  SmCo5_;cCii^-  alloys  with  x  =  1,  1.5  and  2  annealed 
above  and  below  the  Curie  temperatures.  All  the  scans  show 
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Figure  7.  Reduced  coercivities  of  (1)  SmCo4Cui,  (2)  SmCc^jCuu, 
(3)  SmCoaCua  and  (4)  SmCo2.25Feo.75Cu2  aAer  annealing  veraus 
(a)  annealing  temperature  Ta  and  (b)  delation  of  Ta  from  the  Curie 
temperature  Tq.  H*  is  the  c<»rcivity  before  annealing. 
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Figure  8.  Experimental  XRD  spectra  for  (a)  SmCo4Cui , 

(b)  S11C033CU1.5  and  (c)  SmCoaCua,  ann^ed  at  350“C  (— )  and 

at  500*C  (-  -  -  -). 

what  seems  to  be  the  uniform  CaCii5-type  structure  with 
neither  a  splitting  nor  broadening  of  the  peaks,  which  could 
be  associated  with  a  phase  separation. 

6.  Discussion 

The  electronic  structure  calculations  predict  a  separation 
of  SmCo5_;cCu;r  into  the  SmCo4Ciij  +SmCoiCii4  mixture 
or  die  SmCos  +  SmCus  mixture,  for  the  non-magnetic  and 
magnetic  states,  respectively.  This  is  consistent  with  the 
two-phase  structure  of  the  as-made  alloys  reported  in  this 
paper  and  in  a  number  of  earlier  works  [3,5,7].  However, 
it  seems  unlikely  that  such  a  separation  is  responsible  for  the 
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magnetic  hardness  of  alloys,  as  was  suggested  by  Mitchell  and 
McCunie  [7].  On  the  contrary,  the  magnetic  measurements 
data  for  SmCo3Cu2  summarized  in  figure  5  (and  similar  data 
for  the  other  Sm-Co-Cu  alloy  studied  in  this  work)  show  that 
homogenization  treatment  actually  increases  the  coercivity. 

The  very  low  initial  susceptibility  observed  in  all  themmlly 
demagnetized  samples  (see,  e.g.  curves  in  figure  5(b))  indicates 
that  domain  walls  are  not  free  to  move  through  the  grains. 
This,  in  particular,  rules  out  the  hypothesis  by  Yamashita  [8] 
that  the  magnetic  hardness  is  caused  by  coherent  precipitates 
of  pure  Co  at  the  Sm(Co,Cu)5  grain  boundaries  via  increase 
in  the  magnetocrystalline  anisotropy  of  the  edge  Sm  ions. 
The  initial  magnetization  curves  suggest  that  the  coercivity  of 
the  alloys  is  caused  by  a  uniform  domain  wall  pinning  inside 
the  Sm(Co,Cu)5  grains. 

One  possible  mechanism  generating  multiple  pinning 
sites  inside  a  grain  is  a  spinodal  decomposition  into  two 
SmCo5„;fCu.,c  phases  with  different  x  values,  similar  to  that 
observed  in  as-made  alloys,  but  of  a  submicrometre  scale.  The 
fact  that  we  do  not  see  signs  of  such  decomposition  with  XRD 
(figure  8)  does  not  necessarily  mean  that  it  does  not  occur 
during  annealing.  The  phase  separation  in  the  as-made  alloys 
was  also  not  seen  by  XRD.  However,  the  thermomagnetic 
analysis,  which  appears  to  be  more  sensitive  to  the  phase 
sepai*ation  than  XRD  (as  can  be  seen  from  a  comparison  of 
curves  1  and  3  in  figure  5(a)),  also  does  not  reveal  any  signs 
of  this  transformation.  In  the  energy  calculations,  which 
predicted  the  decomposition,  we  considered  only  chemical 
energy,  while  in  the  real  alloy  the  transformation  might  be 
suppressed  due  to  positive  changes  of  the  elastic  strain  energy. 

The  calculations  also  suggested  different  preferred  site 
occupancies  for  the  Cu  atoms  in  SmCo5_;cCux  with  x  =  1, 
1.5  and  2.  In  the  magnetic  state,  Cu  should  always  prefer 
to  occupy  the  2c  sites  (figure  2),  while  in  the  non-magnetic 
state,  Cu  should  prefer  the  3g  sites  for  x  =  1  and  random 
occupancies  for  x  =  2.  It  is  interesting  that  after  annealing  at 
350'’C,  the  alloys  with  x  =  1  and  2  have  a  lattice  parameter 
a  0.14%  larger  than  that  after  annealing  at  fiOO^C  (for  x  =  1 
those  parameters  are  the  same).  It  is  conceivable  that  this 
difference  reflects  the  expansion  of  the  atomic  layer,  which 
contains  the  2c  transition-metal  sites,  when  it  is  preferred  by  the 
larger  Cu  atoms.  In  the  model  proposed  by  Oesten*eicher  et  al 

[2],  the  magnetic  hardness  in  the  single  phase  Sm(Co,Cu)5 
compound  was  explained  by  domain  wall  pinning  at  the  local 
fluctuations  of  the  exchange  energy  due  to  weakly  coupled 
Co  atoms.  If  this  is  the  case,  the  supposed  reordering  of  the 
Cu  and  Co  atoms  upon  annealing  below  the  Curie  temperature 
may  be  responsible  for  the  observed  increase  in  the  room- 
temperature  coercivity. 

7.  Summary 

(1)  According  to  our  first  principle  density  functional 
calculations,  theRCos-xCu^  compounds^  with  R  =  Y,  Sm 

rlftf'fiTTipfisirinn  intn  tWD  pha.SBS  of  the 

same  structure  with  different  x  values.  The  calculations 
also  suggest  that  the  magnetic  state  of  the  alloys  affects 
the  Stable  x  values  and  the  Cu  atomic  site  preferences. 

(2)  SEM  and  thermomagnetic  studies  confirm  the- two-phase 
structure  of  the  as-made  Sm(Co,Cu)5  alloys.  The  high- 
temperature  homogenization  eliminates  the  chemical 


microsegregation  and  slightly  increases  the  coercivity  of 
the  alloys. 

(3)  A  more  significant  increase  in  the  coercivity  (in  both  the 
as-made  and  homogenized  alloys)  can  be  achieved  by 
low- temperature  annealing.  The  low  initial  susceptibility 
observed  in  all  the  samples  studied  implies  that  the 
coercivity  is  always  caused  by  a  uniform  domain  wall 
pinning  inside  the  Sm(Co,Cu)5  grains. 

(4)  The  coercivity  of  different  Sm(Co,Cu)5  and  Sm(Co,Fe, 
Cu)5  alloys  increases  significantly  if  annealed  100  -140"C 
below  their  Curie  temperature.  Of  the  two  theoretically 
predicted  effects  of  the  alloy  magnetic  state  on  the 
alloy  structure — phase  separation  and  change  in  pieferred 
atomic  site  occupancies- — the  latter  seems  to  be  more 
consistent  with  the  results  of  XRD  and  especially 
thermomagnetic  studies. 
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Enhanced  in  anisotropic  B2Fei4B/«-Fe  compcisite  magnets 

via  intergranular  magnetostatic  coupling 

A.  M.  Gabay,  M.  Marinescu,®’  and  G.  C.  Hadjipanayis 

Department  of  Physics  and  Astronomy,  University  of  Delaware,  Newark,  Delaware  19716 
(Presented  on  31  October  2005;  published  online  18  April  2006) 

Composite  magnets  were  prepared  by  hot  pressing  followed  by  hot  deformation  of  blends  composed 
of  Nd|4Fe79  5Gao.5B5  or  (Ndr,75Dyo.25)i4Fe79_5Gao.5B5  ribbon  powders  as  a  high-coercivity 
component  and  Fe  powder  as  a  high-magnetization  component.  The  addition  of  15  wt  %  a-Fo  to 
(Ndo.75Dyo.25)i4Fe79.5GaQ5B5  increases  the  remanent  magnetization  of  the  hot-deformed  magnets 
from  10.6  to  12.04  kG,  while  the  maximum  energy  product  is  also  increased  from  27.3  to  29.5 
MG  Oe  for  hot-deformed  magnets  witii  10  wt  %  a-Fe  addition.  Microstructure  investigations  of  the 
composite  magnets  revealed  the  size  of  the  Fe  particles  in  the  micrometer  range,  exceeding  by  far 
the  size  for  effective  exchange  interactions.  Despite  a  less  refined  microstructure,  the  particular 
layered  configuration  of  the  composite  magnets  gives  rise  to  a  positive  magnetostatic  coupling  of  tlie 
grains  and  therefore  a  unitary  magnetic  behavior  with  enhanced  magnetic  properties.  The 
cooperative  demagnetization  process,  together  with  the  magnetic  coupling  of  the  grains,  was  pointed 
out  through  a  smooth  demagnetization  curve  and  a  sharp  single  peak  of  the  irreversible 
susceptibility.  ©  2006^  American  Institute  of  Physics,  [DOI:  10.1063/1.2162818] 


I.  INTRODUCTION 

The  search  for  stronger  permanent  magnets  is  the  subject 
of  current  worldwide  efforts  because  of  the  continuous  de¬ 
mand  for  the  miniaturization  of  electrical  devices  and  for 
more  powerlui  electrically  driven  engines.  For  the  p^t  few 
years,  the  research  for  the  development  of  advanced  perma¬ 
nent  magnets  has  been  focused  on  anisotropic  nanocompos¬ 
ite  materials  which,  according  to  theoretical  models,  have  the 
potential  to  become  about  two  times  stronger  than  the  cur¬ 
rently  existing  magnets  and  possibly  reach  the  maximum  en¬ 
ergy  product  100  or  120  MG  Oe  at  room 

12 

temperature.  ’  These  nanocomposite  magnets  consisting  of 
one  magnetically  hard  component  with  high  uniaxial  magne¬ 
tocrystalline  anisotropy  (the  most  commonly  /'?2Fci4B  com¬ 
pound,  where  R  is  rare  earth)  and  one  magnetically  soft  com¬ 
ponent  with  high  saturation  magnetization  (most  commonly 
Fe  based)  take  advantage  of  the  outstanding  specific  mag¬ 
netic  parameters  of  each  phase.  The  belief  so  far  was  that  this 
composite  magnetic  system,  as  a  whole,  behaves  unitarily 
and  tias  an  enhanced  remanence  higher  than  the  weighted 
average  values  of  the  component  phases  only  when  the  com¬ 
ponent  hard  and  soft  phases  are  coupled  through  intergranu¬ 
lar  magnetic  exchange  interactions.  Because  exchange  inter¬ 
action  has  a  short  range,  the  magnetic  hardening  of  the  soft 
component  requires  the  grain  size  of  the  soft  magnetic  phase 
to  be  twice  the  domain -wall  width  of  the  hard  phase,  which 
is  about  8  nm  for  the  Nd2Fe^4B  phase.  However,  our  latest 
studies'^  showed  that  an  increased  can  be  obtained  in 

bulk  composite  magnets  with  grain  size  larger  than  200  nm, 
suggesting  mat:  me  coupling  eiiect  may  De  due  to  magneto¬ 
static  interactions  and  not  exchange. 

In  this  work,  we  present  our  latest  result, s  on  anisotropic 
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composite  magnets  prepared  from  blends  of  high-coercivity 
rare-earth-rich  melt-spun  ribbon  powders  and  relatively 
coarse  Fe  powder. 

11-  EXPERIMENT 

The  precursor  components  for  tlie  composite  magnets 
used  in  the  present  study  are  Nd  1 41-079  5Gao.5B6  and 
(Ndo.75Dyo.25)i4Fe79.5Gao5B5  as  a  high-coercivity  component 
and  Fe  powder  as  a  high-magnetization  component.  Idie  al¬ 
loys  were  prepared  from  pure  components  by  arc  melting 
and  tlien  subjected  to  melt  spinning  at  the  wheel  speed  of 
26  m/s.  The  melt-spun  ribbons  were  crushed  with  a  hand 
mortar,  Idie  Fe  powder  from  CERAC;  Inc.  had  the  particle 
size  =^44  jjum,  Ihe  crushed  Nd-Fe-B  ribbons  and  Fe 
powder  were  thoroughly  mixed.  Ihe  blends  were  named 
based  on  the  weight  ratio  of  the  components,  e.g., 
0.85[(Ndo  75Dy()  25)i4Fe79  5GaQ  5B5]/0.]  5Fe.  The  powder 
blends  were  pressed  under  up  to  3  metric  tons  and  then 
heated  under  vacuum  up  to  780-810  -Tb  For  hot  plastic  de¬ 
formation,  the  previously  hot  pressed  samples  were  heated 
again  at  900  and  then  upset  by  65%-70%  of  their  original 
height  at  the  strain  rate  of  0.008  s“b 

The  microstructure  of  the  hot-pressed  and  hot-deformed 
magnets  was  studied  with  scanning  electron  microscopy 
(SEM)  with  a  JEOL  JSM-6330F  instrument.  The  specimens 
for  the  microscopic  studies  were  cut  parallel  to  the  pressure 
direction.  The  demagnetization  curves  were  measured  paral¬ 
lel  to  the  pressure  direction  for  rectangular  specimens  mag¬ 
netized  by  a  dc  field  of  50  kOe  witli  both  the  vibratino- 
sample  magnetometer  and  Quantum  Design  MPMS 
magnetometer.  curves  were  corrected  using  de¬ 

magnetization  factors  from  Ref.  4.  In  order  to  evaluate  ihe 
interphase  magnetic  coupling  effect,  irreversible  susceptibil¬ 
ity  measurements  have  been  employed. 
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FIG.  1.  (a)  SBM  image  of  Fe  powder  and  SEM  backscattered 
electron  images  of  (b)  hot-pressed  and  (c)  hot-deformed 
0.85[(Nd()75L)yo3).,4Fe^y  sCrao5B(5]/OJ5Fe  magnets.  The  aiTows  indicate  the 

{^essure  direction. 


ill.  RESULTS  AND  DiSCUSSfON 

Figure  1  presents  the  SEM  micrographs  of  the  initial  Fe 
powder  and  of  the  hot-pressed  and  hot-deformed 
0.85[(Ndo 75l)yo  25)i4Fc79 5Ga() 5B5]/0.  l5Fe  composites.  The 
initial  Fe  powder  particles  are  irregular  with  an  average  size 
of  aboiit  30  /xrn.  After  hot  pressing  [Fig.  1(b)]  many  Fe  par¬ 
ticles  j)reserve  the  size  and  shape  of  the  starting  particles, 
though  some  of  them  become  thin  platelets  oriented  perpen- 
diculaj*  to  the  pressure  direction.  Because  the  particles  in  die 
two  starting  powders,  (Ndo  75l)y(3  25)i4Fc79  5Gao.5B5  and  Fe, 
had  an  average  size  of  the  same  order  of  magnitude,  the 
particles  did  not  agglomerate  (as  it  usually  happens  when 
compacting  blends  of  micron-sized  magnetically  hard  pow¬ 
ders  and  Fe  nanopowders^).  After  deformation  [Fig.  1(c)],  all 
the  Fe  particles  become  thin  platelets  oriented  perpendicular 
to  the  pressure  direction.  The  smallest  thickness  of  the  a-Fe 
platelet  that  we  observed  was  about  1  /xrn. 

Hot  deformation  may  be  accompanied  by  a  diffusion 
across  the  interface  between  the  blended  components^  To 
evaluate  this  effect  we  measured  the  magnetization  curves  of 
the  hot-de formed  magnets  at  400  ”C.  At  this  temperature,  the 
saturation  magnetization  of  a-Fe  is  191  emu/g  (Ref.  7) 
while  the  2:14:1  phase  becomes  paramagnetic.  By  subtract¬ 
ing  the  paramagnetic  component  from  the  values  of  the  mag¬ 
netization,  we  were  able  to  evaluate  the  amount  of  the  of-Fe 


FIG.  2.  (a)  Remanerice,  (b)  intrinsic  coercivity,  and  (c)  maximum  energy 
product  for  (1 -a:)[Ntb4Fe7o.5Gao.sB6]/.rFe  magnets  (solid  cireJes)  and  (1 
>-^)[(Ndo.75Dyo.25)iT^79,5Gao.5B5]/.vFe  magnets  (open  circles). 

phase.  We  have  obtained  that  the  hot-deformed  magnets  ac¬ 
tually  contained  3-4  wt  %  less  a~Fe  than  the  corresponding 
starting  blends. 

Figure  2  sliows  the  variation  of  the  rernanence, 
coercivity,  and  maximum  energy  product  for 
the  (1  ■“^)[i'^Ti]4Fe79  5GaQ5B5]/xFe  and  (1—x) 
X[(Ndo.75DyQ  25)]4Fe79  5GaQ  5B5]/xFe  series  of  blends  upon 
hot  deformation  at  900  ^(2.  We  observed  an  increase  of  re- 
maneiice  with  .x-  for  both  series.  In  the  (1-jc) 
X[(Ndo.75f^yo.25)i4'^"79.5Ga7).5B5]/xFc  magiicts,  the  addition 
of  15  wt  %  a-Fc  to  the  starting  blend  increases  47rM^  from 
10.6  to  12,04  kG,  i.e.,  by  13.6%.  The  is  also  in¬ 

creased  from  27.3  to  29.5  MG  Oe  for  x=0.10.  One 
0.90[(Ndo.75Dyo25)i4Fe79  5Gao.5B5]/0.10Fe  exceptional 
specimen  showed  even  a  23%  increase  in  maximum  energy 
product  to  33.5  MG  Oe.  Typical  demagnetization  curves  fur 
the  (1  ”x)[(Ndo.75-Dyo.25)  i4p<^79.5^Fi()  5B5]/.\Fe  composite 
magnets  are  shown  in  F’ig.  3.  The  nonconstricted  profile  of 
the  demagnetization  curves  for  x- 0.05-0.15  demonstrates 
that  the  components  of  the  composite  magnets  behave  in  a 
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FIG.  3.  Room-leniperalurc  demagnetization  curves  for 
(NdojsDyo 25)i4Fe79  5Ga()  jB g/ Fe  hot-deformed  magnets. 
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FIG.  4.  Magnetic  susceptibility  measurements  in  (1) 
(Ncioj5Dyo,25)i4Fe79jGaojB6  (open  circles)  and  (2) 
O.9O[(Nd0j5Dyo_25)i4F©79,5Gao5B6]/O.lO  Fe  (solid  circles)  hot-deformed 
magnets. 

cooperative  way.  The  intergranular  exchange  coupling  is  un¬ 
likely  to  be  the  reason  for  this  behavior.  We  strongly  believe 
that  it  is  the  magnetostatic  interaction  responsible  for  the 
magnetic  coupling.  Ihe  microstructure  with  the  magnetically 
soft  layers  aixanged  perpendicularly  to  the  direction  of  mag¬ 
netization  should  favor  their  magnetostatic  coupling  with  the 
hard  magnetic  matrix.  The  magnetic  coupling  of  the  grains 
within  the  0.90[(Nd()75Dyoo5)i4Fe79  5Gao.5B5]/0.10Fe  hot- 
deformed  magnets,  leading  to  a  cooperative  demagnetization 
process  along  the  direction  of  the  applied  pressure  during  hot 
deformation,  was  pointed  out  through  the  susceptibility  mea¬ 
surements  as  a  function  of  the  reduced  field  /////^,  where 
is  the  intrinsic  coercivity  (Fig.  4).  dhe  irreversible  suscepti¬ 
bility  Xirrov  calculated  as  the  diflerence  between  the  total 
susceptibility  (derived  from  the  major  hysteresis  loop)  and 
its  reversible  component  Xr&v  (calculated  as  the  slope  of  the 
recoil  curves  in  the  vicinity  of  the  initial  point  on  the  major 
hysteresis  loop).  As  revealed  in  Fig.  4,  the  Xmev  F)r  the  speci¬ 
men  containing  Fe  powder  presents  a  well-dermed  peak  as  a 
function  of  the  magnetic  field.  The  Xrov  iFis  specimen 
exhibits  a  peak  at  the  low  demagnetizing  field,  similarly  to 
the  exchange-coupled  magnets  containing  a  soft  magnetic 
phase. 

Ihe  magnetostatic  interactions  arc  notoriously  damaging 
for  the  coercivity.  In  order  to  compare  the  coercivity  losses 
for  different  series  of  composite  magnets,  we  plot  in  Fig.  5 
the  normalized  coercivity  //,.  =  //^(x)///^.(()),  where  Hdx)  and 
H. ..{())  are  the  coercivities  of  magnets  with  and  without  addi- 

tiv>n  vT/f-  Fc  aa  a  fU i v/ii  oi  tlio  iiioua Tljv^ 

coercivity  loss  is  more  rapid  when  the  Fe  powder  is  added  to 
Ndj4F  'e79  5Ga,)  5B0  powder  which  has  the  lower  One  can 
conclude  thus  that  the  coercivity  of  the  hard  magnetic  com- 


FIG.  5.  Reduced  cc^rcivity  of  hot-deformed  magnets  as  a  fiiiiction  of  the 
actual  content  of  the  a-Fe  phase:  (1)  (l--^)[Ndi4Fe793Gao.5Bg]/xFe  magnets 
and  (2)  (l~:J^)[(Ndoj5Dyo,25)i4Fe79.5Gao5Bj/xFe  magnets. 

ponent  is  among  the  most  important  factors  controlling  the 
performance  of  magnetostatically  coupled  composite  mag¬ 
nets.  This  result  could  have  been  expected  since  in  the  mag¬ 
netostatically  coupled  composite  magnets,  die  coercivity  of 
the  hard  phase  must  withstand  not  only  die  self- 
demagnetizing  field  of  the  hard  phase  but  also  the  stray  fields 
generated  by  the  soft  magnetic  phase. 

IV.  CONCLUSION 

Composite  magnets  obtained  by  hot  compaction  fol¬ 
lowed  by  hot  deformation  of  blends  consisting  of  a  high- 
coercivity  rare-earth-rich  /?-Fe-B  powder  and  coarse  Fe 
powder  may  present  an  enhanced  M,.  and  improved 
compared  to  the  corresponding  magnets  without  the  Fe  ad¬ 
dition.  An  increase  of  by  13.6%  was  obtained  with  the 
addition  ot  15  wt  %  rr-Fe  whereas  increased  from 

27.3  to  29.5  MG  Oe  for  a  10  wt  %  addition  of  a-Fc.  Micro- 
structure  investigations  revealed  the  size  of  the  Fe  particles 
in  the  micrometer  range,  exceeding  by  far  the  size  for  effec¬ 
tive  exchange  interactions.  Despite  a  less  refined  inicrostruc- 
ture,  the  particular  layered  configuration  of  the  composite 
magnets  gives  rise  to  a  positive  magnetostatic  coupling  of 
the  grains  and  therefore  a  unitary  magnetic  behavior  with 
enhanced  magnetic  properties. 
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Siibinicrometer  Laminatei  Fe/Si02 
Soft  Magnetic  Composites— An 
EffectlTe  Monte  fo  Materials  for 
High-Frequency  Applications** 

By  Yuwen  Zhao*  Xiaokai  Zimng^  and  John  Q.  Xiao* 

With  the  ever-increasiog  rotational  speed  of  motors  and 
generators  and  further  demands  for  miniaturization  in  power 
transformers,  indactors,  and  direct  current/direct  current 
(DC/DC)  convertors/^ inagnetic-core  materials  with  low  en¬ 
ergy  losses  and  high  flux  densities,  permeabilities,  and  operat¬ 
ing  frequencies^-'"^^  are  in  high  demand.  It  is  well  known  that 
;  as  the  operating  frequency  (f)  increases,  the  eddy-current  loss 
(We  oc  f-)  increases  much  more  rapidly  than  the  hysteresis  loss 
(We  ^  f)  such  that  the  total  core  energy  loss  is  dominated  by 
We  at  about />  1,00  kFizJ^''^-Eddy  current  not  only  deteriorates 
the  overall  magnetic  properties,  but  also  generates  tremen¬ 
dous  heat  through  the  Joule  effect,  resulting  in  difficulties  in 
the  design  and  engineering  of  the  devices.. To  mitigate  the  en¬ 
ergy  loss  associated  with  eddy  current,  it  is  essential  to  elimi¬ 
nate  the  electrical  conducting  path  or  significantly  increase 
the  resistivity  of  the  materials.  For  applications  at  frequencies 
below  1  kHz,  laminated  silicon  steels  which  also  have  high 
magnetic-iliLX  densities  are  typically  used.  But,  the  eddy-cur- 
rent  loss  can  still  be  significant  clue  to  high-frecfuency  compo¬ 
nents  produced  by  pulse-width  modulations  in  typical  alter- 
natiiig-currenl  (AC)  drives.  Further  reducing  the  thickness  of 
the  silicon  steel  sheet  becomes  either  technically  impractical 
or  very  costly,  limiting  the  use  of  laminated  cores  for  higher- 
frequency  applications.  At  the  medium  frequency  range 
(1  kHz  to  1  MFIz),  insulated  iron-powder  cores  achieved  by 
consolidating  Fe  powders  coated  with  polymers  or  other  insu¬ 
lating  materials  can  be  used.  In  addition,  Fe-based  amorphous 
also  possess  good  magnetic  and  frequency  proper¬ 
ties.  However,  the  poor  mechanical  properties  of  Fe-based 
amorpiioLis  a,lloys  limit  their  appiicalio.nsJ^^^  Soft  ferrites  can 
also  be  used  at  this  freque,ticy:  however,  their  low  magnetic- 
flux  densities  (smaller  than  0.5  T)  are  undesirable.  As  the  fre- 
cpency  approaches  the  100  MHz  to  1  GHz  range,  many  soft 
magnetic  materials  show  ferromagnetic  resonant  behaviors 
that  limit  the  operating  frequency.  In  this  communication,  we 
report  a  novel  and  simple  method  to  fabricate  soft  magnetic 
Fe/SiOj  composites  that  have  iamiiialed  structure  with  lat¬ 
eral  dimensions  of  a  few  to  several  hundred  micrometers  and 
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a  submicrometer  thickness.  The  composites  show  frequency- 
independent  permeability  spectra  up  to  about  50  MHz— that 
is,  about  two  ordeiB  of  magnitude  higher  than  the  parent  Fe- 

based  powders. 

Hie  starting  ^  material  is  sponge-like  or  quas,i~spherical 
agglomerated  polymer-coated  Fe  powder  (Hoegatiaes  Inc., 
TC-80)  with  an  average  particle  size  of  - 150  |iiii  IFig.  la). 
The  consolidated  samples  have  good  frequency  performance 
up  to  about  KM)  kHz  because  of  the  insulating  treatment  with 
about  0.75  %  polymer  and  phosphate. Hie  quoted  initial 
permeability  is  80,  and  coercive  force  is  aboiu  4.7  Oe 
(1  Oe= 79.58  X-ray  diffraction  (XRD)  data  indicate 

a  body-centered  cubic  (bcc)  Fe  structure  (Fig.  2a).  Bulk  sam¬ 
ples  compacted  from  the  original  powders  under  sfatic  pres¬ 
sure  of  about  1.1  GPa  without  thermal  treatment  and  with¬ 
out  addition  of  lubricant  have  also  shown  a  flat  pemieability 
spectrum  up  to  about  100  kHz  but  with  values  of  al;out  50, 
as  shown  in  Rgure  3  (curve  1).  Hie  lower  permeability  is  at¬ 
tributed  to  a  lower  compaction  density  of  about  65  ideal 
density  (7.2  gcm"^)  achieved  under  our  compaction  condi¬ 
tions. 

We  have  discovered  that,  by  defomiing  these  poiyuicr-coat- 
ed  Fe  powders  in  a  well-controlled  manner,  we  can  produce  Fe 
thin  sheets  with  lateral  dimension  of  the  order  of  a  iiuiidred 
micrometers  and  with  submicrometer  thicknesses,  as  shown  in 
Figure  lb.  (Flereafter,  we  will  refer  to  these  sheets  as  submi¬ 
crometer  laminates.)  We  have  also  found  that  it  is  no!  possible 
to  produce  Fe  submicrometer  laminates  using  Fc  powder  with¬ 
out  the  polymer  coating.  The  polymer  coating  (consisting  of 
thermoplastic  resins,  such  as  polyphenylene  ether  or  poly- 
etherimide)^^^’^"^^  behaves  as  an  inhibitor  for  cold-welding  be- 
tw^een  the  squeezed  Fe  particles  during  the  deformation  pro¬ 
cess.  Hiis  seemingly  simple  process  provides  an  effective 
method  to  create  submicromeiei  laminates,  which  may  find 
many  applications. 

Hie  controlled-defomiation  process  produces  inore-tex- 
tured  crystalline  structures  in  submicrometer  laminates,  as 
evidenced  by  the  more  pronounced  (200)  diffraction  peak  in 
Figure  2b.  Hiis  texture  is  further  enhanced  after  compaction 
(Fig,  2c),  It  is  kiiowm  that  in  silicon  steel  the  [001]  dir;x:lion  is 
preferred  along  the  cold-rolling  direction, and  the  [Oil]  di¬ 
rection  is  perpendicular  to  the  sheets.  The  mechanical  defor¬ 
mation  (see  Experimental  section)  in  our  experiments  induces 
the  strain  in  the  sheet  plane.  Defomiation  along  the  strain  di¬ 
rection,  is  preferred  for  the  laminates,  sirniiar  to  the 

cold-roiing  case.  This  implies  a  (100)  teslore  in  the  sheet 
plane,  as  observed  experimentally. 

Hie  permeability  speclrum  of  the  consolidated  parent  Fe/ 
polymer  powders  is  shown  in  Figure  3a  (ciiiwe  1).  Hie  perme¬ 
ability  decreases  rapidly  above  2(M3  kHz  due  to  the  induced 
eddy  current  inside  each  150  fiin  particle.  To  confirm  this  con¬ 
clusion,  we  coated  the  Fe/polymer  powders  with  a  SiOo  layer 
and  measured  the  pemieability  of  the  consolidated  Fe/poly- 
mer/SiOa  powder  (curve  2  in  Fig.  3a).  Its  pei-meabililv  soec- 
trum  shows  the  same  trerid,  and  the  C|uality-factoi  curves 
almost  overlap  each  other  (curves  1,2  in  Fig.  3b),  indicating 


Acfe  MaMr.  IMS,  17,  \ 


DOi: 


)  ims  WILEY-VCH  Verla 


'’ "  jf  f"'' 


bclov.’  too  kHz  due  to  the  residual 
insulating  polymer  and  newly 
formed  oxide  layer.  The  slightly  low¬ 
er  permeability  is  due  to  the  dete¬ 
rioration  of  the  magnetic  properties 
after  the  mechanical  work.  The  coer¬ 
cive  force  He  increased  from  5.8  to 
16.6  Oe  and  magnetization  at  IT 
(Mit)  decreased  from  206  to 
186  emug”^'.  Hiis  is  understandable 
because  of  the  oxidation  and  me¬ 
chanical  strain.  Although  increased 
coercive  force  will  increase  hyster¬ 
esis  loss  (W'jd,  We  dominates  in  the 
high  frequency  regime  as  shown  by'^^ 

w  =  w,  +  h;  ~-k,Af+  f- 

p 

(1) 
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ir.r.-'ig  c.'cccion  i'r,,cto£cop/  (S'JA)  :rrir.ges  of  s)  original  Fe-based  pcv^do>rs,  powders 
oiied  rrerfari'cri  derorrr2iion  3':d  c)  after  subsequent  coating  with  amorphous  silica; 
on  c-<’ com  parted  sample 
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where  and  ^2  are  constants,  B  is 
the  magnetic  flux  density,  A  is  the 
area  of  the  DC-hysteresis  loop,  p  is 

the  resistivity/,  r  is  the  sample  tMck- 
ness,  and /is  the  frequency. 

To  impro\’e  the  frequency  re¬ 
sponses,  we  coated  the  Fe  submicro¬ 
meter  laminates  with  wSi02  using  a  base-catalyzed  sol-gel 
method.  As  expected,  magnetization  Mit  decreased  slightly 
from  186  to  172  emu  g\  and  the  coercivity  remained  un¬ 
changed.  The  permeability  spectrum  (cur/e  4  in  Fig.  3a) 
shows  an  almost  two  orders  of  magnitude  improveiijcnt  in 
terms  of  operating  frequency  over  the  parent  compounds  and 
uncoated  submicronieter  laminates.  It  indicates  that  the  eddy 
current  has  been  effectively  suppressed  between  the  sub- 
micrometer  laminates  and  inside  each  laminate.  The  eddy  cur¬ 
rents  inside  each  laminate  are  governed  by  the  laminate  thick¬ 
ness  t  and  the  skin  depiii  c3,  defined  ^ ' 


dr/] 
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Figure  2.  XiD  graphs  of  a)  original  Fe-based  powders,  b)  Fe  submicro- 
mster  laminates,  and  c)  subsequently  co-mpacted  sybmicrometer  lami¬ 
nates.  Vertical  bars  indicate  bcc  Fe  peak  positions  from  Joint  Committee 
on  Powder  Diffraction  Standards  (|CPDS}  Card  No.  S7-0722. 


that  the  large  particle  size  and  the  resistivity  of  the  particles 
dictate  the  frequency  dependence  of  the  permeability.  During 
llie  mechanical  deformation  to  achieve  submicrometer  lami¬ 
nates,  the  original  polymer  and  the  phosphate  insulating  coat¬ 
ing  are  partially  destroyed  and  partially  redistributed.  Con- 
solidatiiig  tiiese  Fe  sheets  results  in  electrically  conductive 
bulk  samples.  Iiitereslirigly,  the  permeability  shows  similar 
ireciiiency  behavior  with  the  parent  compound  {curve  3  in 
Fig.  3a),  iiidicaliiig  that  the  eddy  ciirreot  is  still  suppressed 


where  is  the  relative  permeability  of  the  material  and  iiq  is 
the  vacuum  permeability.  Assuming  p  :=  10  |iQ  cm  and  p  300 
for  Fe,  we  estimate  <5  =  9.2  |im  and  1.3  pm  at  /=1  MHz  and 
50  MHz,  respectively.  Tliese  values  are  much  lower  thao  the 
thicknesses  of  conventional  silicon  steel  laminates  (several 
tens  to  hundreds  of  micrometers),  but  are  iimcli  larger  than  or 
approaching  the  thicknesses  of  our  laminates  at  1  MFlz  and 
50  MHz.  Therefore,  we  expect  to  see  strong  eddy-current  ef¬ 
fects  above  50  MHz,  which  is  nicely  demonstrated  in,  our  ex¬ 
perimental  results  (curve  4  of  Fig.  3a). 

It  is  equally  obvious  that  the  volume  of  the  iioii-iTiag!ietic 
materials  should  be  minimized  as  long'  they  oan  prr^x/irU  suf¬ 
ficient  electrical  insulation.  We  have  receiilly  reportedf"^  that 
by  coaling  KXI  nm  FeNi  particles  with  Ihin  layers  (--3  nm)  of 


a  200s  WILEY-VCH  Vcflag  GmbH  &  Co.  KGaA.  Wemheim 


tMp://mAmMe¥matde 


Adv.  Mmr.  2g§5,  17,  No.  7,  April  4 


Figure  3.  a)  Real  part  of  permeability  (//}  ar^d  b)  quality  factors  (Q)  ver¬ 
sus  frequency  (f)  for  consolidated  samples  made  of  original  powders 
(curve  1),  origirial  poyyders  coated  with  silica  (curve  2),  submicrometer 
laminates  without  coating  (curve  3),  silica-coated  submicrometer  lami¬ 
nates  (curve  4),  and  laminates  subsequently  annealed  at  SOOT  under  Ar 
atmosphere  for  5  h  (curve  5). 


amorphous  silica,  flat  permeability  spectra  can  be  obtained  up 
to  at  least  100  MHz.  In  this  regard,  the  coating  thickness  in 
the  cnrreiit  experiment  is  less  than  3  nm.  The  laminated  struc¬ 
ture  was  not  a  f  leeted  during  this  soft  wet-chemistry  coating 
process,  as  evidenced  in  Figure  Ic. 

A  significant  improvemeiit  in  the  quality  factors 
where  fi'  and  yf  are  the  real  and  imaginary  components  of  the 
permeability)  lias  also  been  observed  (Fig.  3b),  resulting  from 
eddy-current  suppression  in  submicrometer  laminated  Fe 
cores.  The//  values  are  lower  than  for  those  made  of  the  origi¬ 
nal  powders  because  of  strain  accumoJated  during  the  mechan¬ 
ical  defortnalioii  and  silica  coating.  Post-thermal  annealing  un¬ 
der  an  Ar  atmosphere  can  release  the  strain  to  a  certain  extent 
and  thus  increase  the//  value,  but  this  slightly  deteriorates  the 
frequency  performance  (curve  5  in  Fig.  3a).  Interestingly,  the 
sample  became  conductive  after  the  thermal  treatment.  One 
ixji  um  Is  iiiai  me  jfe  fuses  inrougn  some  pores 
associated  with  the  silica-coating  layer,  which  usually  has  a  po¬ 


rous  structure.  Another  possible  reason  is  the  formation  of  Fe 
siMcate.  Hie  induced  conduction  is  unlikely  due  to  polymer 
bum-out,  since  we  observed  similar  behaviors  in  other  SiOo- 
coated  Fe-coiitaining  materials  which  do  not  have  polymer 

coatings. 

To  further  explore  the  energy-loss  mechanisms,  we  have 
studied  the  energy  loss  per  cycle  (P  =  WIf)  versus  frequency 
at  induction  levels  of  100  G  (Fig.  4a).  TTie  two  curves  show 
nearly  linear  behaviors,  indicating  the  hysteresis  and  eddy- 
current  losses  are  major  loss  mechanismsf'^^^  for  cores  made  of 
both  original  polymer-coated  Fe  powders  and  silica-coated  Fe 
submicrometer  laminates. 

From  Figure  4a,  it  can  be  seen  that  the  slope  of  the  linear 

fit  for  silica-coated  subraicroriieter  laminates  is  much  smaller 
than  the  original  powder  core,  indicating  much  smaller  eddy- 
current  core  loss.  Due  to  instrument  limitations,  we  w^ere  not 
able  to  extend  this  measurement  to  MHz  frequencies  at  high¬ 
er  induction  levels.  However,  from  the  DC-hysteresis  data 
(Fig.  4b),  we  can  see  that  submicrometer  laminates  also  have 
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Fifyre4,  a)  Energy  loss  per  cycle  versus  frequency  measured  at  an  in¬ 
duction  (flftiast)  Ifivel  of  TOO  G  with  linear  fittings  for  cores  made  of  origi¬ 
nal  powders  (diamonds  and  thick  line)  and  For  silica-coated  submicrome- 
terfaminates  ftriandes  and  thin  lin;-'-)  h)  nr-h;./srh^ri.cic  f... 
powJers  (curve  1),  submicrometer  iarnina-es  (curve  2),  and  siiica-coated 
submicrometer  laminates  (cun.^e  3). 
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very  high  saturation  fields,  similar  to  the  parent  powders. 
This  implies  that  these  subiriicrometer  laminated  cores  can 
be  used  in  high-power  applications  where  excitation  fields 
are  large. 

In  conclusion,  we  have  successfully  fabricated  Fe/Si02 
siibmicrometer  laminates  that  have  lateral  dimensions  of  a 
few  to  several  hundred  micrometers  and  siibmicrometer 
thicknesses.  The  sheet  structure  is  retained  during  the  con¬ 
solidation,  giving  rise  to  laminated  soft  Fe  cores.  High-fre¬ 
quency  measurements  show  that  the  maximum  operating 
frequency  can  be  increased  to  about  50  MHz,  a  more  than 
two  orders  of  magnitude  improvement  over  the  parent  com¬ 
mercial  powders.  We  ascribe  these  observations  to  the  com-- 
bination  of  submicromeler-scale  lamination  and  the  silica 
coating  which  effectively  prevents  eddy-current  power  loss 
at  high  frequencies. 
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Experimental 


Sample  Fabrication:  Fe  thin  sheets  were  produced  by  oiechanically 
deforming  polymer-coated  Fe  powders  (TCSO,  Hoeganaes,  Inc).  After 
deformation,  10  g  Fe  thin  sheets  were  dispersed  into  200  ml  2-propa¬ 
nol  and  sonicated  for  10  min.  40  mL  tetraelhoxysilane  and  20  mLof  a 
25  vol.~?/o  NH3  in  Il^O  solution  were  added  to  the  above  dispemon, 
and  the  mixture  was  vigorously  stirred  for  1  h  to  complete  the  hydro¬ 
lysis  reaction.  By  means  of  magnetic  decantation,  the  silica-coated  Fe 
laminates  were  separated  from  the  supernatant  solution.  The  coated 
powders  were  washed  twice  with  100  mL  ethanol  and  then  once  with 
I(X)  mL  acetone  to  remove  any  unreacted  organic  chemicals,  and  were 
finally  dried  in  a  desiccator. 

Compaction:  The  original  Fe  powders  and  silica-coated  Fe  iaminate 
powders  were  compacted  into  toroid  samples  under  static  pressure  of 
about  1.1  GFa  wirhout  addition  of  any  lubricant. 

Uiaracterization:  I  he  crystalline  structures  and  morphologies  were 
characterized  using  a  Philips  3100  X-pert  X-ray  diffractometer  and  a 
JEOL  JSM-6335F  scanning  electron  microscope.  Direct-current  mag¬ 
netic  properties  \vei:e  measured  using  a  Vibrating  Sample  Magneto¬ 
meter  (Lakeshore,  Inc.).  I-Iigh-frequency  magnetic  properties  were 
clsaracterized  using  0  IIP  4294A.  Precision  Impedance  Analyzer  with 
J6454A.  magnetic  test  fixtures  (Agilent  Technologies)  and  an  AMH- 
401 A  hysteresis-loop  tracer  (Walker  Scientific  Inc.). 
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New,  Highly  lon-Condiictive  Crystals 
Precipitateil  from  Li2S--P2S5  Glasses** 

By  Fuminori  Mizimo,  Akitoshi  Hayashi, 

Kiyoharu  Taclanaga,  and  Masahiro  Tmsumisago* 

Rechargeable  solid-state  batteries  have  been  developed  as 
n^t-generation  high-performance  power  sources,  and  in 
particular,  all-solid-slate  lithium  secondary  batteries  with  high 
energy  densities  have  been  intensively  investigated.  Several 
solid-state  lithium  batteries  using  inorganic  glassy  electrolytes, 
such  as  lithium  phosphorus  oxynitride  (Lipon,  Li2.9PO3.3N0.46), 
have  been  reported  to  show  excellent  cell  performance  over 
thousands  of  cycles  at  room  ternperaturev'^ Since  inorganic 
'.glassy  electrolytes  are  essentially  non-flammable,  the  safety 
and  reliability  of  batteries  incorporating  them  would  be  an  im¬ 
provement  over  commercial  Iithium-ion  batteries  containing 
liquid  electrolytes.  However,  oxide-based  glassy  electrolytes 
such  as  Lipon  have  to  be  utilized  as  thin  films  to  compensate 
for  their  low  ionic  conductivities,  and  their  limited  cell  capacity 
is  one  of  the  disadvantages  of  thiii-film  batteries.  Therefore, 
the  development  of  highly  conductive  solid  electrolytes  is  im¬ 
perative  to  create  large-sized,  ali-soiid-staie  batteries  with  high 
capacity. 


p]  Prof.  M.  Tatsumisago,  F.  Mizyno,  Dr.  A.  Hayashi,  Dr.  K.  Tadariaga 
Department  of  Applied  Materials  Science,  Graduate  School  of 

Engineering 

Osaka  Prefecture  University  . 

1-1  Cakuen-cho,  Sakai 
Osaka  599-8531  (|apan) 

E-mail:  tatsu#ams.osakafy-u.ac.|p 

p*j  This  work  was  supported  by  a  Grant-in-Aid  for  Scientific  Research 
on  Priority  Areas  from  the  Ministiy  of  Education,  Culture,  Sports, 
Science  and  Technology  of  Japan.  We  thank  Idemitsu  Kosan  Co.  for 

supplying  the  high-pyrity  LiaS  reagent. 


©  2005  WILEYYCH  \%rlag  GmbH  ^  Co.  KGaA  Wnheim  OOI^  Ad,.  MMer.  wm,  U,  No.  7,  April 


43 


